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Abstract

The objective of this program is to ;mprove the structura of cerainics by 0processing. The over-all. temperature range of interesnt is IR-00 to above 3000 F.
:n the high portion of the range, 3000 F and above, com,-sitions 0oft pure aluina,
plus 0 to 2% additions of HgO were studied between 2822 and 31L80 F, at 1 to 7
hour soaking periods and in atmospheres of hydrogen, helium and vacuunm, This
work was reported in the previous Final Report; however, the analysis of remalts
is reported herein. Petrogiaphic, x-ray, d.c. cinductivity, electron tranamisgion
and elb,.tron probe methods wsre used and the results are reporved, The second
tMperature range, 2600-3000 F, was studied utilizing the presintered approach
to the prereacted raw materials technique and the results were reported -i n earlier
reports. The low range, 1800 to 2600 0 F, was studied usi1 ng the devitrification
approach to the prereacted materials technique. The are a of crystallizationi of
cordierite in the I'g0'Al~,0 -SiO system was evaluated as a single glass system.
A two-glass system, in wfii~h ong glass devitrifies cordierite and the second sup-
plies the bonding system, was studied. Bonding glass compositions were evaluated
in the RO'Al 0 *SiO system, in which the RO members are alkaline earth oxides.,
Composites WUr madi at 10,'-20 and 30% bonding glass. Processing, structures
and properties are reported.
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I. Introduction

This research program is directed to)ward a study of materials and processes
by wtich ceramics suitable for radome applications can be processed at tempera-
tures considerably lower than their maximum use temperature. The basis for the
effort reported hernin was established under Contract Ow-64-W040-d. The tem-
perature range that can be studied is from the melting teiiperature of the most
refractory crysta;line phases showing promise of meeting the priie requirements
to as low as 1800 F.

The over-all temperature gange has been dividsd into three narrower ranges:
3000F and above, 2600 to 3000 F, and 1600 to 2600 F. Ln ti-e highest range, a
sintering study of pir alumina is being conducted with respect to the processing
parameters and sintgring mechanisms by wnldh the :^bjetives c n be accomplished.
In the 2600 to 3000 F te:mperature range, the most promising approach is the pre-
reacted rav materials technique using high alumina compositions. This area has
been studied extensively and is reported in previous contracts. In the lowest
temperatare range, 1800 to 26000F, the "two-glass system" of the devitrification
approach to the prereacted raw materials technique is being studied. In this
method twc compositions are prepared and mixed separately on an atomic basis by
melting and fritting. These frits are mixed 1n specific ratios, then ground to
a controlled particle size distribution conducive for processing by conventional
ceramic processes such as casting, pressing, etc. During firing one irit de-
vitrifies to form the principal crystalline phase, while the second promotes sin-
tering and supplies the bond. Some frits used in this latter manner have been
desloned to devitrify after performing the sintering and honding functions. Cor-
die~ite, 2KgO.2Al 0 .SSiO , is the crystqalline phase presently under investiga-
tion and is supplie4 by tge first frit. The second glass is of the alkaline
earth (BaO, hgO, CaO) aluminosilicate type.

The processing parameters, for realizing the objectives of tile project in
the highest te-iperature range, were established under Contract i N-6L1 -OO&40-d. A
study of the sitering mechanisms by which t is as accomplished comprises the
first phase of this Final Report, along with a summary and discussion of the
rnle of the processing parameters. The second phase is a study of the tvo-l-lass
system of the devitrification approach of the Erereacted raw materials technique
v7hich is designed to function in the 1600-2600 F temperature raine.

II. Sintering Studies

A. Irtroducticn

In t',e highest temperature ran*e, namely 30000F an6 above, the effort of
this continuing program has been devoted to determining the parameters and mech-
anisms by w*ich pure alumina can be sintered to 99+, of its true density, with
particular emphasis on lowering firing temperature yet retaining all ei4ineering

I properties, including refractoriness. The sinterine characteristics of pure
alumina plus 0 to 2, magnesia have t en studied as a function of temperature and
time when fired in helium, oxygen and vacuum respectively. The parameters have
been determined for attaining theoretical density; 99, has been attained at as
low as 2822F (1550°C). The present objective is to atterit to determine the
mechaniums responsiblt for this. The primary oi.e is to determine the function
of magnesia in promoting sintering and inhibiting crystal grovth. Une approach
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wao to attempt to determine the distribution of magnesia and whether it wzas in
solid solution with alumina. The back-reflection x-ray ceramic technique was
utilized alonp with the electron probe. This latter tool determined the distri-
bution and concentration of bth magnesium and aluminum. Defects are considered
an important driving force for sintering. Transmission electron microscopy was
used in an attempt to determine the quenched defect structure associated with
sintering in this system. Determination of activation energies associated vith
the sintering process and the role of the variablem of this study was attempted
using porosity data and electrical measurements.

B. Review of Parameters Essential for the Sintering of the Alumina Compo-
sitions Studied

A brief review of the compositions, procedure, hu-cluding firing, aid results
is pertinent to an understanding of tnit AtouAU of the attcA.zti to detemu6b the
mechanisms operative in attaining high density in these compositions. This in-
forriation is described in detail in the Final deport of Contract liOw-64-0040-d.

Three compositions iwere chosen for intensive studyt Cor.,osition C is 1000'
alumina; Comnosition R is 99.75,; alumina, 0.25,, magrisia; and Composition CR
is 98,0," alumina and 2.0- mapnesia. Both ra materials are 99.99,, pure. The
function of the magnesia is to minimize grain growth. The mectanism may be solid
solution; however, this remains to be proven. The compositions were wet-mixed
and specimens fabricated by dr,, pressiri. Air as a firing atnosphere is not
conducive to attaining a high percentage of true density. Considerable work is
reported on firing in various atriospheres; however, the conditions vary appre-
ciably. Hydrogen, helium and vacuum were selected for study. The first two were
chosen because they can diffuse quite readily. Purthcr, hydrogen is an active
g~s aSd is a reducing agent which can produce defects; also, it may diffuse as
H , H and possibly as H Helium is an inert pas and its seanl size ajd its
high diffusion rate are its prime assets. Vacuum will reduce the Fas pressure
within the pores aLd maximize gas diffusion from the stmicture. All composi~ions
ere fired for 1, 3, 5 and 7 hours respectively at 1550, 165L, 1700 aid 1750 C

respectively. A special molybdenum resistance furnace vas used for all fires.

Percent total porosity was measured by bulk density measurements and ap-
mented petrorraphically in the lowest porosity region.

Figure 1 shous the effect of firing time or percent total pcrosity of all
three coIPositiona fired in hydrogen, helium and vacuum over the tbne-terperature
range noted above. The objective is the lowest firing temperature at which 99,,
of true density, or less than L porosity, is attained. mhis is attained by
firing in vacuum to 1550C (2b220 F) after a three-hour soaking period with the
CR cbmposition (2. MpO), and after 7 hours ith *he R composition (1/h% LgC).
It can also be attained by firing in hydrogen to 1650°C (3CC(1°F) after a cn-
hour soaking period with either of the compositions containirg magnesia. Further,
it can be realized by firin, to the same tezqerature in helium but only after ap-
proximately a four-hour soak. To approach true density or total porosity less
than 0.1 it is necessary to fire to 17500 C in either vacuum or hydrogen. The
R coomposltion (i/L LgO) attains the quality at one-hour soak in either atmos-
phere. The CR conposition (2,, MgO) must be fired approximately 3 hours t:, reach
this quality. The percent total pore volume of the pure alumina composition
reaches a ninixum of i. 'Y at the highest temperature, but only in a vacuum. The
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reason for this is the exapperated grain yrowth exhibited by this compositi.on.
The magnesia included in the R and CR compoitions acts as a grain growth inhib-
itor. Further, it results in a higher sinterinr rate; the postulated reason is
that it is due to solid solution with alumina creating a greater concentration

of vacancies. Figure 2 shows that the maximum averape cr)stal size developed in
either of the magnesia-containing compositions ie 18 microns, while that of the

pure alumina at the highost tejperature is 35 microns. Spinel formation is de-

tected in both marnesia-containing compositions.

Thus the lowest temperature at which a n~arly puge alumrina composition can

attain less than 1% total pore volume is 1550 C (2622 F). This is accomplished
using 21, magnesia as a grain growth inhibitor and firing in a vacuum for 3 hours.
At l/V magnesia this quality is reached only after 7 hours' soakA A hydsogen
atmosphere necessitates an increase in firing temperature to 1650C (3000 F) and
soaking for 1 hour, while when firing in helium the soaking period must be in-
creased to 4 hours; this holes for both manesia-containing compositions. The
total pore volume of tie pure alumina composition never gets below 1.9,; even at
the hiphest temperature and soaking periods.

C, Study of Sintering Mechanisms

1. General

In attempting to determine the sintering mechanisms effective in this study
of alumina with additions of 0 to 2, magnesia, two approaches were used. The
first was to attept to determine the role of "vacancy Povenent" id "defect
structure." These are considered important str'_tniral conditions which promote
sinterinp. Electrical measuremenits rere used for the former while electron trans-
mission methods cere used to atterpt to measure the latter. The second approach
-'as to attempt to determine the mchanisms by which magnesia promotes sintering
and inhibits grain growth. These two approaches are undoubtedly interrelated as
tne presence of the magnesia may cause vacanciea and defects.

2. Activation Energy for Vacancy Movement

in order to uanderstand the role magiiesia plays in siiitering, an attempt was
made to determine tl~e activation energy of vacancy movement in compositiona with
and vithout magnesia additions. -'hen electrical measure.ents of the composition
are made in the d.c. conductivity reFion, activation energies for vacancy move-
ment can be determined (Refs. 1-4).

The region of d.c. :onductivit,' for most ionic crystals occurs when using
direct current, or alteimating currei.t of very low frcqui;is, i.e., 1 cycle/saec.
Wen d.c. conductivity predominates in ionic crystals, conduction occurs Uy va-
cancy sovement. The folloming equation is used for d.c. conductivity measurents:

2 2In YNQ Ain tw ra 1W -i--- nT p/kr(1

where tai - dissipation factor
T - vibrational frequency of ions
c - conductivity
N a number of current-carryinr defects/volume

OW
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Q - charpe
A - distance defect must move to overcome energy barrier
k - Boltzman's constant
. - activation enerpy for vacancy movement

T - absolute temperature

If a praph of In tan6 vs. in frequency is made in this region, a straight
line vith a unit neiative elope results. This can be obtained frm the relation-
ship I

tan6 (2)

where C - capacitance
R - resistance
W - frequency

If a graph of n tanb vs. the reciprocal of the ab5oluxte temerature is plottea
at a frequency in the d.c. conductivity range, the activation energy for vacancy
movement can be calculated. As seen from &q. (1), this calculation of activation
energy must assume that the number of vacancies does not vary in an exponsntial
fashion, Such variation would be the case in the pare alumina composition vhere
the number of vacancies is governed by entropy considerations. If magnesia goes
into solid solution with filuina and forms vacancies due to atoichiometryp the
activation eirgy for vacarcy movement could possibly be determined.

Saziples examined were first coated ,ith aluminum electrodes by vacuum evapo-
ration. They contained some ma. nesia for the reasons j,iven previously. They
were mit in a desiccator prior to test to prevent water attack. The following
equirment was used in this invstipation:

1) a very low frequency djv~ce for measuring tan6 and dielectric constants
from .1 cps to 10 cps.

2) 1620 A General Radio capacitance bridge, 60 nps--10 kcps.

i;easurements of tanb were made in the frequency range of 0.? to 10 cps on a
sample that contained 1/2% magnesia and was fired tz 17500C for 5 hours. If d.c.
conductivity predominates, a plot of in tan6 vs. In frequency would result in a
straight line vith a slope of minus one, The data obtained for this saile is
shown in Fig. 3. The range of fpquency: between 10 and 100 cpa was not
investigated because the very low frequency apparatus cesiined by Stevels (,Refs.
1-3) will not go into this range and the Jig for the other apparatus has too
many losses. The results indicate that pure d.c. conductivity is not present at
room temperature and in the frequency rexne measured with this sample. It ap-
pears from these figures that a relaxation effect occurs in this frequency range.
If the temperature were increased, it might be possible to obtain d.c. conductiv-
ity data. Generally, as the temperature increases, the curve of tan6 vs. freq-
uency is shifted to higher frequencies. If i asurements were made in the same
frequency range evaluated above but at increased temperatures, a shift in the re-
laxation curve may occur and pure d.c. conductivity might be realized. Arther,
since Eq. (1) is cnly applicable in the d.c. conductivity region, no attempt was
made to plot in tanE vs. the reciprocal of the absolute temperature.
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The literature on electrical conductivity of almlna indicates that conduc-
tion, at least at higher terpratures, is due to P-type carriers (Mefs. 80, 9-11).
If the temperature of this system is raised, semi-conduction behavior nay be ex-
pected to interact with the d.c. conductivity.

3. Defect Stracture

a. General

The primary use of the elect-on microscope in the field of ceramics has been

in surface studies vhen using the replica technique (Refs. 12-16). Recently this
instrument was found extremely valuable for the direct determination of defect
structure (Refs. 17-22). When the electron microscope is used in transmission
through a thin ample, both defect strcture and crystal structure of extremely
small areas can be determined. ,,ost of the work using this technique has been
devoted to metals (Refs. 19-23) and there has been little work done with ceramics;
however, some published work on singie crystal aluminum oxide and magnesium oxide
has recently appeared (defs. 18, 20).

Electron transmission microscopy was used as a tool to determine the sin-
tered defect structure of sone of the compositions at c near theoretical density.
Quenched samples were used in this method to examine the defects associated with
the sintered samples at or near, 1heir sintering tenpratures. It was anticipated
that this study would show the followings

B) nature and types of defects produced
2) concentration gradient of the line defects found through the grain
3) some correlation of defects to sintering variables, including temperature

and time at temperature, composition, etc.

The types of dislocation, their Burgers vectors, and other defects can be
observed by using the tilt mechanism built into the electron microscope; by tilt-
ing the specimen, dislocation intensities either Lacrease or decrease. The type
of dislocation can be Oetermined when the aigle of tilt is laown. Under the high
manification used, the study consisted of the ezimnation of the defects associ-
ated with individual grains even though the samples were polycrystalline. A num-
ber of grains were examined to obi' tin a general picture of the defect structure.

The major difficulty in this method is sample preparation. To obtain an
image of the struct re using transmission electron microscopy the sample must be
approximately 1000 X thick. In order to be able to examine the defect structure,
thi variation in thickness of a ,pecimen must be gradual as observed under the
electron microscope. Electron diffraction was used in conjunction with the trans-mission work to determine the structure of the grain being examined.

The samples examined ith this technique were within 98 to bO0 of theoreti-
cal density. The reason for such a choice is that porous samples will tend to
disintegrate when thinned by chemical means. The composition examined by this
technique vas the 2,p ilgO-containing composition uhich was sintered at the highest
temperatures. Sample p eparation is extremely critical. The actual examination
of the prepared speimens under the electron microscope can be made only if the
samples are thinned properly. The samples used must be thinned fairly uniformly
to about 0.1 microi,. This thinning process in metals uses an electrolytic type



of thinning apparatus in which the electrodes are first brought close to the
metal and then brought further away. Th4r results in the formation of a hole in
the middle of the spteimen, leaving the area surrounding the hole thin enough to
be examined under the electron Microscope. Another method vas showu by Dru,,
whf, used sputtering to thin alumina (Ref. 23), but the samples obtained were
badly damaged.

The problem cf specimen preparation of ceramic materials can be divided into
a number of factors 3

1) finding the proper chemical thinning agent for the samples
2) fijding the correct temperature and time necessary for thinnng rith

this agent
3) avoiding etchiig at the sanile
4) proper design of the thinning apparatus to keep the sample iia continual

contact vith fresh thinning solution.

b. Procedure

The :iaJor problem Was to prepare specimens sufficiently thin for examinatici
under the electron microscone. Initial tests were made to determiyij the tiji,
temperature, polishing or thinning agent and concentration needed to thin poly-
crystalline alumina s& ples. The first attempt at thinning alumina was do,.e
,:it samples of Lucalox, a 'eneral Electric Company product, and writh four pos-
sible thinning agents. They were: aOH, HCl, H PO and MH OH. Three different
levels of concentration were made of each: 10 mla , 1 molkr and 0.1 molar. A
sample of Lucalox was placed in each solution and the we5,ht change measured.
The. first measurements were made at room temperature with samples held in solu-
tion for 3, 5 and 24 hours. io chanpe in weight was noted under 'I conditions.
By placing these solutions in a sti. 'd constant terperature oil bath, samples
could be subjected to the same treatment at elevated tem.eeratures. The time was
varied from I to 5 h:urs ad th. temperature raised to 70 C. i.o change in weight
was found. A teipera-Lure of 1O0C was tric next. Again no veipht change wali
found. It was felt that these possible chemical thinning agents were not ef-
fective at these temperatures,

After examining the literature on chemical polishing of single crystal
aluminu oxide, it was found that p' sphoric acid in the temperature region of
400-500 C i,8 uld polish alumina (Refs. 17, 18, 20, 24-27), A number of runs were

made at 395 C to 430 C tith Lucalox samples. It as found that both holding time
ond aritation of the solution surrounding the specimen were very critical. If
the sample was held for too long a period of time in solution, a phosphate pre-
cipitate wo ld form on the surface of the specimen. At temperatures between
405 and 410 C, if the sample was held in solution for short periods of tiia,, the
4pecimen lost weight. ..hen these samples were observed both visually and under
%1e microscope, it appeared that etching had taken place. btchiig may be dele-
terious for electron transmission microscopy, since the material must be thimned
fairly uniformly.

It was felt that so e of the sintered samples should be investigated. Thin
sections were used to minimize tie t1 inning process and yft, because tley were
fairly thick, 30 microns compared to 0.1 micron needed for transmission, very
few mechanical defects would be introduced to the final specimen. Samples of
these thin sections were heated with phosphoric acid in a platinum crucible and

%9
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I
then suspended in a platinum resh screen to 4050C. The samples were held at this
temperature for 3 minutes. They were then examined under the electron microscope
and found to be too thick. The specimens were again subjected to the same treat-
ment and reexamined, After a number of tries it was found that an electron dif-
fraction pattern could be obtained from the edges of soe specimens, but it was
not thin enough for transmission. In additions there was a random distribution
of samples whose edges were sufficiently thin. ,What occurred was that sample
edges iere being thinned and removed faster then its depth. Therefore, if the
sample was removed at the proper time, perhaps an edge would be present, but this
was a random factor,

t
In order to avoid the above problem, it was decidod that an indentation

should be drilled into the thin section, uaing an ultrasonic drill. In this way
the material within the indentation would be thinned preferenxially or at the
same rate as the bulk. A hole should form in the center of the apecien, while
the sample maintained its original shape and structure. The area around this
ho>) should be sufficiently thin for electron transmission. A few runs were at-
tempted using this geometry, but the samples were coated with a phosphate pre-
cipitate which interfered with the polishing. This compound formed from solution
during the thinning operation.

In order to eliminate the contamination problem, a jet thinning device was
usei as noted in Fig. 4 (Ref. 16). The design of this device is based on the
f'act that during heating the boiling point of phosphoric acid is raised as the
acid condenses. With rapid heating, boiling action can be maintained up to tem-
peratures of atout 5200C. The device is made of platinum and is similar to a
coffee maker in design. The inventor of the device used it to prepare single
crystal alumina for electron transmission microscopy studies. Since boiling ac-
tion forces the liquid up through a small tube and hits the specimens and then
drops off, the specimen is in continual contact with uncontaminated solution.
Therefore, thinning can proceed ,:ithout phosphate build-up. The inventor found
that the polishing tempervture was about 50 C higher than the etching temperature
for alumina single crystals.

The jet thinning device was placed in a small nicrome-wound furnace. Five
cubic centimeters of orthophosphoric gcid were added to the device. 'he thinning
apparatus ,as heated at a rate of 400 C/12 minutes. This rale was necessary to
maintain boiling action through the central pump tube at 450 C. Temperatures
were measured ,ith a chromel-alumel thermocouple. Four tenths of a cubic centi-
meter of fresh phosphoric acid were added gt 192, 215 and 245 C respectively;
one cubic centimeter vas then added at 350 C, The sample was placed in a s6eci-
men stand, lowered and made to rest just above the central pump tube gt 425 C.
hins were made from 1/2-3 minutes at temperatures between 450 and 475 C. Fresh
acid was added to lower the rate of temperature rise and to maintain boiling
action through the pump tube in this temperature range, An attempt was made to
vieu the sample under a 40x Bausch and Lomb microscope, but wetting of -he spec-
imen stand occurred and direct observations could not be made. Since the inden-
tation made i as of varying thickness, no exact holding time could be predicted.
Generally, the holding time varied from about 1 to 3 minutes and samples with
holes about 10-50 microns in diameter were formed.
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c. Results and Discussion

The results obtained are shownjn Figs. 5a and 5b, A-L. Figure 5aA shows
a dendritic formation on the CR 755 sample (magnification 10,800). The selected
area diffraction pattern is very diffuse and could not be properly photographed.
All evidence indicates that this rerion is a region of al&ainum phosphate form&-
tion. Dislocations were not observed in this area. Selected area diffraction
photopraphs of the dark and light areas were taken and a low degree of crystal-
linity found. These photopraphs did not have enough contrast to be shown in this
study.

Figure 5aB is a transmission photograph (66OOz) of another area of the same
sample. Here an interesting precipitate distribution is noted. The selected
area diffraction pattern of the above area is shown in Fig. 5C. Diffraction
patterns similar to his were obtained for all the regions examined. Due to the
lo!; order of crysta.Linity, it is felt that these areas are partially ama3rous
and are the regction products of Al 0 and H3PO4 . This sample was held for 1-1/3
minutes at 450 C in the thinning devici.

Any d-spacing calculated with the electron microscope is only accurate to,
at best, somewhere in the second decimal place. Therefore the electron r.icroscope
could not be used for solid solution or accurate d-spacing masurements.

Anotheg sample taken from. the same fired specimen was thinned for 1-1/2 min-
utes at 450 C. Figure SaD is a transmission picture at a magnification of l0,Z)Ox.
A set of fine lines can be seen at the boundary between the thick and thin re-
gions. These are interference figures caused by the change in thickness. 14o
dislocations are seen in this area. Certain dark regions are noted which may be
due to impurities, but are probably due to localised non-uniform thinning. Fig-
ure 5aE is & selected area diffraction phc ogrgh of the white area indicating
a high degree of cx 3tallinity. Figure aF .s a selected area diffraction image
of the dark area. Both areas are sLilar; the darker areas shown in Fig. 5aD are
undoubtedly die to thicker areas rather than Lipurities. Figure 5bG is a dif-
fraction pattern of the whole area. If these diffraction pattens are compared,
si-ilarities can be noted.

Figures 5bH-5bJ are transmission pictures of another area of the same sample.
These fiur-s are at magnifications of 2b,600, 50,000 and 41,6001 respectively.
The last figure is a dark-field imape of the same area shown in bright field
(Fig. 5bI). The similarity exhibited in these last two figures means that no dis-
locations are present in the area under examination. If dislocations were pres-
ent, they would be seen as fine black lines on a positive prin,. They are due
to the different augle of the Bragg reflection. This Bragg reflection from the
dislocation is displaced from the apparatus and therefore appears black. If dark
field is rn- used (the aperture is moved to a position where the diffracted beam

*This work was performed with the help of Dr. S. Weisemann and Dr. H. Yamamoto
of the )aterials Research Laboratory of the College of Engineering, utgers A
University.

*For coding system of samples, see pa"e 15.
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-)f the dislocation is transmitted through the aperture), th- dislocation will
apsar white on a positive print. Figures 5bK Ld 5bL are diifraction pictures
of the entire area aid the dark area respectively. It can be seen in the first
figure that the crystal under observation is hexagonal and the plane being
viewed is & basal plane. This crystal must. be alumina. In addition, it appears
from te diffraction pattern that an alumina crystal, or part of an aluruna crys-
tal, is at a different orientation. Fipure 5bl is a selected area diffraction
pattern of one of the dark areas in the tranamission photorraphs.

The coding system adopted for this work entails a letter for composition,
numbers for firing temperature ar tire, and symbols for firing atmosphere. The
specimen CR755H can be identified from the folloring table.

CRW$H

Composition Tomperature Time Atmosphere

C a O% AlO 5-2 1550 C C 1 hr. H - hydrogen
R a 99.75 i 0 0.25A MgO 6- 1650°C 3 - 3 hrs. v a vacuum

CR- 98.O Al2 ,6 2.OA% 0 7 * 17000 C 5 - 5 hrs. He - helium
2 3)75 17500C 7 - 7 hrs.

Farber and Tighe have shown that as-grown single crystals of alumi a cXide,
produced by the Vernuil imethod, have dislocation densities of about liO /cm '

(Hef. 20). This corresponds to between 1 and 1C dislocations per field ofvtew vith
the electron microscope. In tl-e case of Linde A, made by calcining aluminum
alum, the dislocation densit. because of terperature, thermal gradients and freedoc
of expansion, is most probably ,ch less than sin,7le crystals--at leist n the
9rain interior. If the dislocation density is assumed to be about 10 IO/cm, then
0.1 dislocations would be seen in the entire field of view. Tt seems reasonable
to conclude that few, if any, dislocations would be visible under the electron
microscope.

From the very limited data obtained, it is teiitat.ively concluced that din-
tered alumina of this ty-e has few, if any, dislocations within the graii. If
this is true, dislocati may not play a significant role in the sinter3ig
process of aluminum oxide. This is substantiated by the sinter ig literature,
which stows that plastic flow is not the mecl anism of sinterinf of alumina. ,ore
work is needed before a definite conclision can be made, Because the magnifi-
cation is mrch lowir snd dislocations, if present, could be more readily seen, op-
tical microscopy stuflies 'wold have to be included.

4. Role of Marnesia

a. X-RATechniques

i. General

'.orrwl x-ray diffraction was used in conjunction w-ith the optical microscope
to determirA second phase formation. It- order to observe the second phase by
x-ray diffracti3n, more than a few percent of uris phase must bt present. Th is
method was used only to rubstantiate the results obtained from tl.e study made
with the microscope. However, the x-ray back-reflection cara technioue was
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used to attempt to deternine if there was any solid solution of marnesi in
alumina. This method yields the most precise values of d-spacings (,tef. 28).
At higher Bragg angles, the accuracy of the d-spacings determined by this tech-
nique increases. If a change is found when a comparison is made between Lhe pure
alum. :a nd alumina plus magnesia compositions, it can be attributed to the solid
solutioi. of magnesia in alumina. No noted change in d-spacg can be attributed
to one of the follo ing:

1) There is no solid solution of magrsia in alumina.
2) The amount of manesia going into solid solution is smiall iAd the d-spacing

associated vith it cannot be detected.
3) The magnesia roing into solid solution is more highly concen.,ated near

the grain boundaries. Therefore, its solubility towards the middle of
the alumina grain decreases to a very low level. Since th" technique
measures the averare value through the grains, the d-spacing cha-,e may
be too small to be dibtir4i -shed.

4 ) ,agnesia may go into solid solution interstitially rather than substi-
tutionally.

ii. Procedure

Samples of the 100,' A1k0 , and the 1/L4 hgC-99.754 Al2 0 co.'positions fired
for 7 hours at 1550 &nd 175 ° were ground in aa, alumina morar and -ostle. These
samples were then passed throuph a 325 mesh screen. F'elry divided silicon was
added to eaci, sample as an internal standard and the subsequent batch .nixed vith
vaseline. The resultant paste was put on a plastic sheet ad placed in the back-
reflection camera. In addition to the above samples, a back-reflection x-rsy
photopraph -. as taken of the Lii.de A alumina startinr material mixed ith some of
the silicon standard.

The silicon powder used as an interr.al staxdard had the following coposition:

Fe--O.65A C---00.o87
Ca--.73, P--O.008.
Al--o.65,; -0 '
Ti--O.10,

D-spacings and corresponding 2 0 values ,ere- calculated from the L7z4 tabulated
values of the lattice dimensions of silicon. Silicon has th'e diamo- structure
with an A value of 5.431 . The formulae used to calculate d-spac..xts and 2 t-
valAes arg as follows (Ref. 28):

d A,/(h' k 2 4 12)1 (3)

n- 2d sine (Bragp equation) (h)
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where

d a distance between lattice plane3
h, k. 1 - Miller indices of a particular plane

k - x-ray wave length (used CuK )
e - Brag anple al
n - order of the reflection

On this basis, the followin are the (h, k, 1), d and 2 0 values that were used
for 3ilicon:

hkl d 2P

(h4) .78392 158.60
(533) .82828 136.850
(620) ,85866 127.54'

The choice of the sanples investigated vas dictated by the probability that
magnesia in solid solution with alumina would tend to go into solid solution
preferentiall at or Rear the gr.in boundary. Because of s..aller grain size, the
sampies fired at 1550 C mav havp more grain boundaries thai the samples fired at
1750 C. If the amount of MgO in solid solution remained constant as a function
of temperature, the change in d-spacing would be more noticeable. if the limit
of solid solution increases with temperature, as is nornall;, the case, then it
might be expected that the higher temperature material would show an equal or
greater indication of solid solution. The pure alumina composition that was
fired at 1550 C was used to compare the d-spacings of the magnesia-containing
compositions to the pure alumina composition. To determine if the pure alumina
saMple ;as contaminated by the magnesia samples, since they were fired at the
same time, the pu. atartinp material was also evaluated.

The films vere exposed to x-rays for six hours and then developed. Values
of 2 P were determirkd o: both the unknown and internal silicon standard accord-
ing to the following formula (Refs 28):

2 F -180- 3L (5)

where L = distance in mm between corresponding lines.

The minimum errorspossiblS with tis technique should be: 3 x 10-4 1 at 1200 (in
2 P) and 1.8 x 10- at 150 (Wn 2 (). The experimental error using this technique
was fc nd to be +0.1 nm. In the ange of 2 0's used, this would correspond to
an error in d-spacing of +5 x 10 A ti +2 x 10" .

X-ray diffraction photographs using the back-reflectiun camera were made on
the following materialsi

1) Linde .' )owder + Si powder (starting material plus 0 standard)
2) pure alumina compositlon fired for 7 hours at 1550 C in hydrogen + Si

powder
3) 1, , magnesia-containing composition fired for 7 hours at 1550 ad 1750°C

in hydrogen + Si powder.
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Table I

COMPILATION OF 2 e VALUES DETERMIXID FOR Al 2 03

AID AI203 + 0,25% MgO USING THE BACK

REFLECTION X-RAY CAMERA

Linde A Si C57 + Si R57 + Si R757 + Si

153.6 - Si 153.6 S SI 153.6 - Si 153.6 - Si
152.4 152.4 152.4 152.4
151.2 151.1 151.1 151.2
150.3 150.1 150.1 150.2
149.3 149.2 149.2 149.2
146.1 146.1 116.1 146.1
145.2 l5. 1 145.1 145.2
1431 143.0 143.0 143.1
142.4 142.3 142.3 142.3
136.9 - Si 136.8 - Si 136.8 - Si 136.8 - Si
136.1 136.1 136.1 136.1
131.6 131.6 131.6 131.7
131.1 131.0 131.1 131.1
130.6 130.5 130.5 130.5
129.9 129.8 129.8 129.8
128.3 128,2 128.2 128.2
127.7 - Si 127.6 - Si 127.7 - Si 127.6 - Si

124.5 124.5 124.6
122.5 122.5 122.5
122.0 122.0 122.0

iii. Results and Discussion

All data is presented in Table I above and the errors have been previously
tabulated. The values obtained for the silicon standard are the same, vithin
experimental error, for all four samples. Therefore a direct comparison of the
20 values for aluminum oxide with and without magnesia present can be made. From
the data shown, no indication of solid solution of rmagnesia in alumina is evident
for any sample. The grain size effect on solute solubility (preferential solu-
tion at the grain boundaries) is not evident. The possible greater solubility
of magnesia in alumina as the temperature was raised is also not seen.

These results indicate that if solid solution of magnesia in alumina is
present, the amount is below the limit of detection by this technique. In addi-
tion, if a concentration gradient solid solution exists, this method will only
masure the average value, which would be lost than that found in regions of high
magnesia concentration near the grain boundaries. Magnesia could also go into
solid solution interstitially and any accomparying change in d-spacing, especi-
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ally at these low percentages, voulk no'. be measurable. g;ven the /i 1 o-con-
taining composition has a large portion of the magnesia bound in spinel crystals.

Jerveneen and Iestbrook found by microhardness neasurements at 1830°C that
magnesia enters the alumina structure in solid solution in and around the grain
boundary area. They also attempted, by using an electron microprobe analyzer,
to demonstrate that .gO wa segregated at the grain boundaries. Their attempts
failed. They used the back-reflection camera to determrine lattice parameter_ 3
measurements as a function of grain size and reported variations of 2-3 x 10
change in d-spacings with an alumina composition containing 0.05 wt. ,H NgO.
Their theory was that magnesia is segregated at the grain boundaries and as grain
growth (elimination of grain boundaries) proceeds, most of the excess magnesia
must be incorporated into the alumina grains (Ref. 29).

Using the back-reflection camera, these present measurements indicate that
no measurable change in d-upacing occurs. This was done as a function of either
grain size or firing temperature with the same magnesia-containing corosition,
or in comparison with the pure al.iu a saples. It seems highly improbable that
a change in daspacing of 2-3 x IO-Xcould be detected by an addition of O.O5
of an additiw. Since their electron probe analysis, which analyzes very small
areas to an accuracy of 50 , proved unsuccessful, it seems very unlikely that
the back-reflection camera, which measures the average value of aiA extremely
larger volume of material, can be more sensitive. Jergenson also suggests, from
the results of microhardness measurements, that HgO already segregated at the
grain boundaries enters the AlO grain to a large extent. This is in direct dis-
ageement with the proposed me hanism of magnesia's inhibition of exaggerated
grain growth by retarding grain boundary velocity. Because in nearly all systems
examined in the literature the change in d-spacing by the addition of a solvent
in solid solution is - 5 x 16- X for a l addition, this change in d-spacing
seems very excessiv_. In the case of an addition of 0.051, the change in d-spacing
should be - 2 x 104 . This value is well within the minimum experimental er-
ror. If a change in d-spaciag of the order of magnitude shown by Jergenmen is
valid the change would have been observed. At 150 in 2 e a variation of +1 x
10 would cause an angular varia~ion of +0.5 ° in 2 6. This value is well be-yond the expsrimental error of _0.1 in 2 (.

b. Electron Probe Analysis

i. General

The electron probe is a valuable how-tool in the study of micro variations
in materials. It is extremely useful in diffusion studies, segregation effects,
etc. (Refs. 29-33). An electron probe was used to investigate how mid where mag- *
nesia enters the structure of the sintered alumina sample in the following phases:

1) solid solution of magnesia in alumina
2) pradient of this solid solution, i. e., from the grain boundary to the

grain interior.

*This work was done with the help of Corning Glass Works. Special credit is due

to J. Zitterman, W. Whitney and rAi. Charters of Corninp Glass Works.
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3) compositional vt-riation through the prains of the spinel phase, i. e.
the solid solution variation of Mg in the spi-al graiths.

If magnesia goes into solid solution with alumina, it enters the structure
with a probable production of vacancies. If there is a gradient of this solid
solution, a vacancy coiz.13ntation gradient can be produced. It can be scoxo that
this concentration prad ent will increase from the interior to the surface of the
grain from theoretical considerations (the less dense packing and higher energy
of the surface). Sin e the concentraf ion gradient of vacancies is a driving force
for sintering, a comparison of these data ith the sintering data should show how
and why magnesia effects the densification of alumina. The variation of the
above-mentioned effects was studed as a function of both tle anrA temperature.

Electron probe microanalysis is actually a microfluorescent analysis method.
;'ilectrons from an electron gun are focussed to nearly a point source (0.3 microns).
These accelerated electrons impinge or. the sample in a diameter of approximately
0.5 microns, and the sample is made to fluoresce. The x-rays produced by the
sample are reflected off a curved sensing crystal. The crystal is placed at the
proper angle and has the proper d-spacings to reflect a certain known x-ra, wave
lerth characteristic of the cation being examined. The intensity of this re-
flected beam can be measured as a function of di3tance through the sanple. Due
to scattering, the diameter examied is normally about one to three microns .ather
than .5 microns. Since aluminum and mapnesium are at tbe lower end of the peri-
odic system, it may be difficult to determine small concentrations of :agnesia in
alumina. Further, the electrons penetrate to between 5 and 6 microns. Thus the
effective fluorescence is from a folume approximately 3 microns in diameter and
5 microns deep.

ii. Procedure

In this method, sample preparation is very critical. Polished sections must
be made with smooth and regular surfaces cr erroneous results may occur in semi-
quantitative or quantitative determinatioins due to valleys and hille , ithin the
saiple. The method used in preparing these sections was as follovrs;

1) The sample vae molded in amber Bakelite (used because of its low vapor
pressure).

2) It ias pround and polished, using the Automaet machine.
3) The sample vas ground for 5 minutes each on 120, 24O, 320, 4WO aid 600

grit silicon ca .-J'e paper.
4) :t was polished using six, one, and 1/4 micron diamoid ] 2 min-

utes each.
5) A conductive carbon coating .Yas vacuum-evaporated on the sarile.

After the samples iere prepared, they were investir'ated, using the ARL electron
probe.

An accelerating voltage of 30 kv was used with the probe. This results in
a penetration of 6 microns into the sample. The fluorescent spot size in tniu
light matrix system (lg, Al, 0) is between 2 and 3 microns. If heavier elements
were examined, the spot size would be reduced to values between 1 aid 2 microns.
This fluorescent spot size is the resolution of the electron probe. MiAca and an-
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1 ydrous dihydropen phostate were used us sensing crystals in the fluorescent an-
al.ysis of magnsium and aluminum respectively. In one less sensitive set of data,
only the mica crystal was used to determine magnesium percentaes. In the more
accurate set of data, both sensing crystals wiere used to determine the magnesium
concentration. In order to correlate the data properly, the same ,agnification
(W4x) was used for all samples in the more accurate set of data. This magnifi-
cation was also used to locate a representative area of the specimen. In the
less sensitive set of data, a 200-scale deflection was equivalent to 10' magne-
sium. The more accurate set of data used this amplification. In addition, ti...
sigpal was further amplified so that a 63-scale deflection was equivalent to
4.75% magnesium by weight. A magnesia single crystal was first used as a stand-
ard, out no correlation could be obtained with the samples. A spinel single
crystal containing 2.5 mole excess alumimnum oxide (obtained from R. Arlett of
R. C. A. Research Laboratories) was used next, and correlation with the specimens
examined was obtained.

The maximum error in composition found using the electron probe was +3A of
any parzentam. Because of the difficulty in estinating the deflection on the
recording chart, this error was increased to about 10% for scale deflections be-
tween 0.5 and 0.1. The limi'. of detection of magnesium reported by Zittemar
and Whitney (Ref. 32) was between O.OC5 wt. % and 0,01 wt. % magnesium. This
limit is only applicable to the more sensitive set of data,.

The A. R. L. eleotron probe can analyse two cations at the same time. Four
major types of results can be obtained with the electron probe and are discussed
belows

1) back-scatter image. This inage can be seen visually on an oscilloscope
and recorded pictorially. It is caused by the elastic impact of the
electror beam 'ith the ss 's electrons. The electrons of the beam are
accelerated to the sample and back-scattered. The heavier the element,
the more intense the back scatter,

2) X-ray fluorescent image. Thins imae can be seen visually on an oscillo-
scope or recorded pictorially. It is due to the fluorescence of the
,hole sample area under the bombardment of the accelerating electrons.

3) Line profile. In this method a line indicating the fluorescent a.ialysis
of material crossing a line in the field of view yields the relative per-
centages of the element under investipation. This technique is not as
accurate as tte point count lethod.

4) Point count method. In this method, the beam is moved manually from
position to position and the intensity of the fluorescing element record-
ed on a strip chart. Since tis method yields the most precise measure-
ments, it was used for quartitative a,alysis.

Fhotomicrographs wera made of the polished sections used in tae probe aal-
sis. Due to the extreme harxwss of aluminum oxide, identification. :.rks could
not be placed on the examined area of the sample. The photomicrographs taken are
of each s.le analysed, but the areas seen are just representative _f each sam-
ple--not the actual are& examined by the electron probe. The following samples
were investipated:

1) 2% KgO-containing composition fired in H2 for 7 hours at 1750.C 6
2) 1/4% MgO-containing composition fired in H2 for 7 hours at 1750 C.
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3) 2; M gO-containing composition fired in H 2 for 7 hours at l5$S0 0 C
4) 1/% MpO-containing composition fired in H for 7 hours at g C
5) 2) i1gO-containing con.position fired in H 2 or I hour at 1550 C.

iii. Results and Discussion

. Figures 6aC-F and 6b0-J are photographs showing the back-scatter and flu-
oresgent imapes of the 1/4% and 2, ,agnesia-containing compositiona fired at
155 OC and 17500C respectively and held for 7 hours at these temperatures. Fig-
ures 6aA and 6aB are back-scatter and magnesia fluorescent images of the 2A mag-
nesia-containing composition fired for 1 hour at 1550 C. The mqnification used
is such that each small division shown is equal to 4 microns. Figures ?A and 7-B
are pho opraphs of the above sample of the 2% magnesia-doped comosition fired
at 1750 C. The sensitivity for this set of data is much less than the first set.
The magnification with tris less sensitive data is twice as high as the more sen-
sitive data. The region shown in the less sensitive set is a region high in mag-
nesia as compared to the low level of magnesia concentration in the other it.
Table II is the data obtained by the point count method along lines through the
x-ray fluorescent pictures shown previously, It is shown here to exhibit this
type of data and will be discussed below. Figures 8A-8D are photomicrographs of
the etched polished sections cf the compositions used in the probe analysiv. The
areas shown are representative of each sample, but are not the exact area examined
as described above.

T-e pAotomicrographs vere taken using incident phase contraut at 200x mag-
nification. The prain size can be observed by viewing te picture of the stage
micrometer where eaph small division is 10 microns. Good correlation of rrain
size exists with the fragmentation method of earlier work. The rrain size is
similar as determined from the photomicrogaphs and as reported in the Final Re-
port of Contract 14w 64O4004-d. Some regions of porosity are seen in the high-
temperature samples and were found to be caused by grain pull-out.

The data presented will be discussed as sets of (i) back scatter, (2) flu-
orescent sj2. microstructure photographs with the point count data, and (3) the
curves of marnesia percentage vs. distance along a selected Iue in a specimen.
Cor.parisons will be made of time, temperature and compositional effects.

Figures 6aA-F, 6bG-J and 7A-B (back-scat r and x-ray fluores. ent images of
manesia), Figs. 9-14 (graphic representation of the point count results), Figs.
8A-E (photomicrographs of the saiiples) and Table II (point count analysis of the
variation of magnesium concentration with distance) are graphs and tables of anal-
ytical information of the samples examined by electron probe analysis. After each
sample is discussed, co'mpari~ins betvien samples will be made to illustrate the
determined relationships and effects. The evaluation of the information obtained
fron. tre back-scatter and fluorescent images will be postponed until discussion
of the pure alumina composition fired .o 17500 C in hydrogen. This sample illus-
trates the differences betveen these pictures best.

Figure 6aB is aphotograph of back scatter and lig fluorescence for composi-
tion R fired to 1500 C for 1 hour in hydrgen (CHSIH), and shows that magnesium
is widely distributed through the area. The grain size observed by the fragmen-
tation technique indicates an average grain size of one to two microns. Phase
determinations made by optical microscopy and electron probe analysis (Fig. 6&B)

22



A B

c D

S F

Fig. 6a--Fotographs of back scatter and Mg fluorescent images from
electron probe analysis. Sensitive data.
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Fig. 6b-Pbotographe of back scatter and Mg fluorescent iage from
electron probe n'~su Sarativ data,,

24I



A

B

ftpr. 7-MFotopraphs of back scatter axxi fluorescent
imnapos from~ electron probe analysis. !A33
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Table II

ELECTRON PROBE DATA

(Mre Sensitive Sets)

C m os tion( )(3cF7H( C57H 2 ) 57H(

Deflection Wt. % Mg Deflection Wt. ' M Deflection Wt. % Mg

2.8 0.21 3.0 0.23 0.5 0.038
7.5 0.56 5.0 0.38 0.25 0.019
15.5 1.16 2.5 0.19 0.0 0.00
15.0 1.13 2.5 0.19 0.25 0.019
13.0 0.98 2.25 0.17 0.0 0.00
7.2 0.54 12.8 0.96 0.25 0.019
5.0 0.38 5.5 0.41 0.25 0.019
8.0 0.60 3.5 0.26 0.50 0.038
3.2 0.24 2.5 0.19 0.25 0.019
10.5 0.79 7.2 0.54 0.25 0.019
8.2 0.62 8.2 0.62 0.50 0.038
10.25 0.77 3.5 0.26 0.50 0.038

13.2 0.99 2.8 0.21 0.10 0.008
16.8 1.26 3.5 0.26 0.50 0.038
16.0 1.20 5.0 0.38 0.00 0.00

14.8 1.11 0.25 0.019 0.00 0.00
17.8 1.34 0.25 0.019 0.75 0.057
17.25 .29 0.1 0.008 0.50 0.038
14.0 1.05 0.25 0.019 0.75 0.057
11.0 0.83 0.50 0.038 1.50 0.114
2.8 0.21 0.25 0.019 0.25 0.019
2.25 0.17 0.0 0.00 0.1 0.008
2.0 0.15 0.0 0.00 0.5 0.038
2.0 0.15 0.25 0.019
0.5 0.038 0.50 0.038
3.5 0.26 0.25 0.019 Up 0 left 40
4.8 0.36 Up 0 Right 6
4.5 0.34

Down lOL ft40 Up 0 Left 40
Down 10 Right 14 Up 0 ight 10

(1) 9% AlO - ,,fto1550° Cfor lhr in,
(2) % - 2% P 2o1550O C f8 r 7 hr i
(3) 99.75% 0 - 0 McO 1550 C for 7hrin H

26

IMA



Table II (Cont.)

Composition

R757H (1)  CR757H (2)
Defleation Wt. % I Deflection Wt. % g Deflection Wt. %

12.0 0.95 1.5 0.12 0.5 0.04
12.o 0.9" 1.5 0.12 0.5 0.04
1.5 0.12 1.5 0.12 0.0 0.00
1.3 0.10 1.7 0.13 1.5 0.11
1.3 0.10 1.3 0.10 0.25 0.02
1.0 0.08 1.5 0.12 0.5 0.04
2.3 0.18 1.5 0.12 0.5 0.04
0.0 0.00 1.7 0.13 0.75 o.06
2.0 0.16 1.5 0.12 0.0 0.00
9.5 0.74 1.7 0.13 0.75 0.06

25.0 1.98 1.4 0.11 0.5 0.04
22.5 1.78 1.5 0.12 0.5 0.04
1I.5 1.5 1.0 0.05 0.75 0.06
1.5 0.12 1.5 0.12 0.75 0.o6
1.5 0.12 2.5 0.20 0.5 0.04
1.5 0.12 1.5 0.12 0.5 0.04
0.3 0.02 0.25 0.02
2.3 0.18 Up 40 Left 0 0.25 0.02
4.0 0.12 up 10 Left 0 1.00 0.08
2.3 o.16 1.00 0.08
4.0 0.12 45.5 3.59 0.00 0.00
2.3 0.18 48.0 3.79 0.5 0.04
1.5 0.12 39.5 3.12 0.3 0.023
2.0 0.16 24.5 1.94 0.75 0.06
1.5 0.12 2.7 0.21 0.5 0.04
,14.0 1.11 2.5 0.20 0.5 o.(-.4

12.0 0.95 5.0 0.40 0.5 o.04
12.0 0.95 23.0 1.82 0.5 o.04
2.5 0.20 35.5 2.65 1.0 0.08
1.5 0.12 13.7 1.0 0.5 0.04
0.0 0.00.0 0.16 0.75 0.06
1.5 0.12 1.5 0.12 0.5 0.04
2.0 0.16 0.5 0.04
1.5 0.12 Up 30 Left 22 0.5 0.04
4.0 0.32 Up 0 Lrit 22 0.5 o.04
2.0 o.16 0.25 0.02
1.0 0.08
2.0 o.16
15.0 0.12
1.5 0.12
1.5 0.12
2.0 0.16
1.7 0.1

Up 10 TLft 40 (1) R75tH--99,. A.1.,O -7/4 A.,

Up 10 Rixht 40 1750 Cf r7 hr in 50Cfr7h nH
(2) CR757H--98% - 2. .. 0 C for 7 hr in H2
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Table II (Cont.)

ELECTRON PROBE ANALTSIS

(Less Sensitive Data)*

CR757H
Wt.%Mg Wt.%Al Wt. Wt.%Al t. AA Wt. % Al

0.0 1-0.8 0.0 43.0-5j 0.0 44.3
0.0 44.3 0.0 4148--5i 0.0 43.8
1.3 41.0 00 44.8--5 2.5 38.0
1.0 41,38 0.0 45.0 1.4 40.13
3.25 34.8 0.0 44.5 0.0 43.63
2.5 37.5 0.13 43.8--24 0.0 44.3
0.75 42.1 0.63 42.5 0.0 45.5
0.0 44.5 2.25 38.3 O.C 44.3
0.0 44.8 2.75 34.5 0.0 44.13
0.0 45.0 1.50 38.5 0.0 43.8
0,0 44.8 0.75 40.63 0.0 43.8
0.0 44.5 0.00 43.13 0.0 43.8
0.0 44.6 0.00 44.0 0.0 43.8
0.0 44.8 0.00 44.3 0.0 44.13
0.0 44.6 0.00 44.3 0.0 43.8
0.0 44.8 0.0 44.0
0.0 44.9 Up 40 Left 20 0.0 44.3
0.25 42.8 Up 0 Left 20 0.0 44.

Up 10 Left 40 Up 34 Right 30
Up 10 Right 40 Up 0 Right 30
in 54 steps in 2i steps

ADP crysttl used for Al. ktia crystal used for Mg.
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A--R57 B-CH57

C-CR757 DR5

E-Stage micrometer

Fig.~ 8-M-otographs of the polished sections used in electron
probe analysis (A-fl). E. stage micrometer.
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Fig. 9--Point Count for Mg* + in Sasle CR51 (Sensitive Data)
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0.12 F
Line traversed on M fluorescent photograph

140 -L, 0 -up
6 - R, 0 -up
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Fig. 10--Point Count for Mg+ in Sample B57 (Senitive Data)
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A Lin~ traversed on Mg
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Fig. U--Point Count for g+g in Sample M57 (Sensitive Data)
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0.12
Line traversed on Mg fluorescent photograph GB Grain Boundary

20 up, L - 40 List of calculated grain sizes
20 up, R - 20 in microns asuming maximm g

concentration at the grain
boundary of the alumina grains

0.10 12 10
S168
8 20

28 20

0.08 OB GB Grain size in microns %ter-rmined from polished sectionr
and frapentation techniques

minimum grain size--8
i average grain sie--l4-16

0.. GB B H GBmaximum grain size--30

S0.02-
" P1

0.02

.0 16 32 4 61 80 96 3l2 128 144

Distance Traversed (microns)

Fig. 12--Point Count for Mg in Sample CR757 (Sensitive Data)
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Line traversed on Mg fluorescent photograph
4.o .2 40 - up, 0 - L GB

10 -ups, O-L

3.6L{/

GB GB.GB I. I,,

3.2 L

o jj -IjI* I.. I tI I I .I iI I ! A
At

2.8 0 8 16 24 32 4o 8 6 64. -
Distance Traversed (microns)

Grain size assuming Mg is a maximum at A403
grain boundaries, or Mg is a 3&X1R= in tfe'

2I -center of the spinel grains
2f 161L11

~8 A z.
-GB 12V2.0K

1.6

Line traversed on Mg fluorescent photograph
30- up, 22 - L

1.2 -0 
- up, 22 - L

Grain si determined by frapentation
methods0.8 s.o.s.- i

A. 0. S. Al

L.0. S. 28-32o.

0.4

1 16 32 I8

Distance traversed (microns)

Fig. 13A, B--Point Count for Mg in Suple R757 (Sonsitive Data)
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I
2.E Line travers on Mp fluorescent photograph

10- up.0- L
2.2 - 10-up, 0- R

2,0 -

1.8 OB - Orain Boundary

List of grain sizes calculated (micronj)
1.6 32 8

l1 r-- 16 16

8 8

1.2 -8

.1.0 GB

0.8

H-.
o.,~-~a~.GB B

0. BO B OB B ( OB

00 L- - tVi~
0 16 32 4,8  64 8O 96 .1.2 128 144 160 176

Distance trvrsed (mleron)

Fig. 13C--Point Count for Mg** in Samle R757 (Sensitive Data)
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This is the sare sample I
Line traversed on Mg

u fluorescent photograph
2.o- / 34 -up, 30- R

24 - up, 30-R

1.5 -

'1.0@

0.5K

0.0I (irn)~cluae s
0 8 12 For all figures: The following

(micons gr-ain sizes were calculated as-
3.4 Busing a maxinim concentration

of Mg at the centers of each
spinel grain.

3.2- 6gA 8v
15L 64L

3.o~ l5

2.8 K-
Line traversed on Mg Line tr rsqd on Mg Line tre d on Mg

S.6 -- fluorescent ,Ktograph fluores nt potograph fluorestnt .hotograph
o-p,2 - 10 up, - 20 p2o-L

~2.L- ~10 up,6/AP2.4 --

WVV UPI ; NVVVV sV

1.C

0.8

0.4K

0.2 / \/

0.00 4 8 12 16 0 510 1520 253035 0 4 8 12 16
Distance traversed (mirn,)

Fig. 1h-Point Count for Mg++ in Saile CR757 (LIs Sensitive Data)
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I substantiate the spinel coating or a fit. dispersion of snall particles of spinel
alon# the grain boundary fotud at this te.'-peratu2e. Because of the wall grain
sie and from the data shown graphically in Fig. 9, little can be determined of
both spinel or magnesia solid solution. However, it can be noted that magnesia
was present at each datum point. This indicated a distribution of magnesia in
the sample. Probably because of non-uniform mixing, magnesia is found to be more
highly concentrated in some regions than in others. These regions may act as
nuclei for the spinel segregation observed at 17500C.

Figure 6aD is of composition R fired to 1500 C for 7 hours in R57H hydrogen
and shows that magnesia is distributed fairly uniformly through the area. The
area examined is comparable to the reRion shown in the central right portion of
Fig. 6aB and is probably a little below average in magnesium concentration. From
Fig. 8A and the grain size results determined by the fragmentation method, the
average grain size is found to be approximately 4 to 5 microns. As seen from the
fluorescent image, manesium is distributed at distances ranging froa 3 to 8 mi-
crons. This distribution is similar to tne determined grain size distribution
and agrees with the spinel distribution noted by optical microscopy. Figure 10
is a graphical representation of the magnesium concentration as A function of
distance. The low values of maesium concentration found can be Jistified by
considering that the probe examines volumes between 20 ard 50 cubic microns. if
the spinal coating is assumed to be I to 2 mlcrons thick, as seen from the dot
size, and about 1 "to 2 microns deep, than only 1/5 to 1/10 of the total volume
examined can be spinel. The alumina grain sire has increased at this temp6ra-
ture and firing time. If, for example, a solid solution gradient of magnesia from
the grain boundary to the grain interior (the interior having a lower percentage)
exists, then values of this low order of magnitude should be found. These lower
values could also be expected if solid solution does not occur. en comparing
the above sample with the previvas one, the magnesium concentrations are much less,
This is due to either larper grain sizes or less highly localized concentrations
in the regions examined. Because of sm&aUer grain size of the CR51H sample, many
regions of spinel could be found for each point examined (2 to 3 microns). There-
fore, if aimilar depositions of spinel at the grain boundary are assumed for the
CRSH sample, this semple can be e:ected to yield higher magnesium percentages.
Although the point count method is not continuous, about 3 out of every 4 microns
are examined. Some regions of solid solution of magnesia in alumina are indicated
in this and the next samjle, but the evidence is inconclusivN. It is of extreme
imortance to note that the range of magnesium concentration found was between
0.00 and 0.1l0% and that many areas indicating spinel are seen in this fluorescent
analysis. This information is needed to determine whether solid solution is
present at higher temperatures.

Figmue 6aF for composition CR57H is the magnesium fluorescent picture of the
area under examiiation. The contrast of this print is not particularly good and
following the magnesium concentration in this print is not very informative. i'ig.
8B is a photomicrograph showing the grain size of this sample. The average de-
trmined prain size is about 4 microns .i'th larger grains about 8 microns. Fig-
ure U1 is a graphical representation of magnesium concentration vs. distance for
this sample. It is noted that regions of 0.OO( Mg were found in this auid the

jR57H sample. In order to obtain this result, the probe -:as most probably posi-
tioned at the center of a larger alumina grain. From the above effect, sors in-
dication of a solid solution and solid solution gradient of magnesia in alumina
was obtained in this and the R57H sample. Because of the coMaratively small
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pran size, these solid solution effects cannot be conclusively proven from the
probe analysis. From (1) the above results, (2) the sintei .ng result; which show
an enhanced sintering rate with magnesia additions at all temiperatures investi-
gated, and (3) the results obtained with the high-temperature sazples using the
electron probe, a solid solution and/or a solid solution gragient can 'be inferred
for both the R and CR (I/u and 2/1 go) compositions at 1550 C.

The magnesium fluorescent photograph (Fig. 6bH) for this sanple CR757H is
very informative. As seen from this figure, no indication of manesium is noted
in the entire field of view. iany regions similar to this were found in this
sample and the R757H sample. This absence of magnesium is not due to poor print-
ing of the photograph, for the same result vas seen in the cathode ray oscillo-
scope. It is important to note that these photographs are not as sensitive as
the point count or quantitative mode analysis. A graphical representation of
the magnesia concentratioii along a line through the black picture is shown in
Fig. 12. Figure 8C is a photograph showing the grain size of this sample.

A very low level of mapnesiv' concentration is seen fro" the graph. This
low concentration is indicative of the solid solution of ma i.esia in alumina.
Since the area within individual grains may be examined without encountering a
grain boundary, the prain size (small grain size 8-10 4, average grain size 15 4,
larger grain size 20-30 ), as seen in Figs. 8C and 8E, may be too large to pro-
pose that widely distributed small spinel particles at the grain boundary would
yield this low level of concentration. IndivIdual particles or small regions of
spinal at the grain boundaries were observed in the R57H sample. A similar ef-
fect ias noted for all the low teiperature samples investigated, except that the
concentrations in this sample and the R57H are extremely similar. in the case
of the CR757H sample, the magnesium fluorescent image is absent. Frove thermo-
dynamic considerations and because of tho higher energies needed, it is not very
likely that magnesium is distributed as very sriAll spinel particles through the
alumina grain. If this low concentration was cau.4.i by a dispersion of srall
spinel particles through the alumina graln, then the magnesium fluorescent image
would be speckled with a all dots vhich indicate highly localized regions of mag-
nesium, as noted in the F67H and other low-temperature samples. Since the mag-
nesium fluorescent image was black asid dots iidicating spiial are not present,
and since the concentrations of magnesium determined with this sample and the
157H sample (,hose fluorescent image showed these dots) are nearly ide.tical, a
solid solution of manesia in alumina may exist. Therefore it s concluded that
a solid solution of mapnesia in alamina pr-bably occurs at 1750 C. A further
example of this effect will be shown witt the R757H sample.

Another important deduction can be made if the average grain size and grain
size distribution for the sample and the rerion examined are assumed the same.
If it is also assumed that the maximum magnesia concentration in the solid solu-
tion of maonesia in alumina occurs at the grain boundary, then a determination
of grain size via the gp.-bical representation of the point count method can be
made and compared to actual grain size found by the fragmntation and polished
section method from earlier work and shown in Fig. 8C. This comparison is shown
by Fig. 12. It is seen that good agreement is obtaiuvrd when compar'ng the cal-
culated grain size (Fig. 12) and the measured gr. : e. It is therefore felt
that a solid solution pradient of magnesia in a.umina exists in this sa.1ple. 0
Since an enhanced sintering rate relative to pure alumina was observed at 1550 C
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and 1750'C, and since this solid solution and gradient of solid solution man
cause an increased sinterine rate by producing a vacaicy cozcentration and con-
centration ggadient, a solid solution and solid solution -radient can be inferred
for the 15509 C magnesia-containing compositions. in addition, ele8 tro probe
analysis shovmd sorie sligrt -ldicatioz of a solid solution at 1550 C. Using
microhardness measurements, J.rpensen and .estbrook ported a solid solution of
marnesia in alumina at the grain boundary at 16300 C (hef. 29). Fron thermodynamic
and kinetic viewpoints, it seems probablp that if a solid solution of :,agnesia
in alumina exists, a higher concentration of mapnesia should be found in the
vicinity of the grain boundary.

''Ithouph the area seen in this set of figures is one of the very lo- magne-
sium concentrations, ot er areas on this sample noted in the less sensitive set
of data contain much higher concernrations.

The comparison between the back-scatter and magnesium fluorescent images
has been postponed until discussion of this sample A757H (Figs. 6b1 ad 6bJ).
if the dark regions on the back-scatter image are noted and compared to the mag-
nesium fluorescent image, it can ue seen that nearly every dark area on the back-
scatter imav corresponds to a region of high magnesia concentration on the flu-
orescent inape. The grain size for this sample is in agrement w tn earlier
petrorraphic results. A Picture of the 'rain size ,ound vith the polished sec-
tion method is shown in Fip, 8D. Figures 13aA aA d 13aB aid l3bC are graphical
plots ff the mag-,esium content vs. distance for the several regions examined.

The first significant noint of note is that a segreration of magnesium into
regions of high concentration occurs ith this sample. From the photographs,
these magnesium regions are fairly large and correspond to sp!-el graizib. The
same type spinel grains were found from optical microqcopy studies and ;,ere mwn-
tioned previously. From the above discussion, it can be shovn that magnesia
tends to segregate into localized regioB.* forming spinel grains of comparable
size to the best alumina grains at 1750 C. Spinel may segregate Lato localized
regions by one vr both of the following mechaLiwiss

1) 1'ror, a thermodyngmic viewpoint, regions of higher local spinel concen-
trations at 1550 C can coalesce at 17500 C into large spinel graiiis to
reduce their interfacial and surface energy.

2) An incorpatibilit between alumina and spinel may exist because of
Possible high interfacial energy between them.

C

The spinel formed is prob4 bly a high alumina-spinel solid solution (i. e., 3.5
mole excess A190 ). The excess alumina spinel has a magrwsium concentration of
4.8 '. Since a cAmparatively large volume is examined (5O cibic microns) and these t
volumes probably not only contain spinel but also alumina, tre composition of
the spinel determined would tend to have lower ma:.'rsium concentrations than
these calculated. The effect is due to 'he incorporation of parts of alumina
grains. It is assumed that spinel is presenit it the concentration of naneslum 7
is somewhere mb t.e 0.5 wt. h hg over a significant range. If the maDri mum per-
centares fall below 0.2 wt. A J over a significant range, solid solutioan of mag- r
nesia in alukina is th-ught to occur. P

a

Ir Fir. 13a it cai be seen that there are two spinel wrains (area on right).
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A similar effect is seen in Fig. 6bJ. If it is assumed that the center of a
spinel grain corresponds to the maximum percentage of magnesium, then a solid
sclution gradient of magnesium in spinel is seen. The phase diagram for the
alumina-marnesia system indicates an increase in alurdnA content in spinel solid
solution ! s temperature increases (RHef. 33). In addition, true equilibrium is
probably not reached with the sintered sample. For both of the above reasons, a
"core" effect seems reasonable. Since this "core" effect. occurs, spinel may have
sufficient time to rearrange itself and subsequently form cube edges. This ef-
fect may explain the occasional formation of cubes of spinel I ind La the sample
as noted by ontical microscopy. hen the grain sises of the pinel crystals are
computed from the prapL (Figs. 13aA-B and 13bC), they are -Jund to be sunilar to
those ooserved experimentally.

As seen 1rom the fluorescent images of thL A CR757H samples, the regiuns
'vhich are either hazy or b'ack may be indicattve of solid solution of ,gO in
Al0.. The point count meamurements in these regions show Lg concentrationz of
O.2? and less. The grain sizEs were 5-10 tint. preater than those of the low
temperature samples. Therefore, the probability of encountering prain boundaries
is muc less for each uatum pcint. If (1) the iN concentration found was due to
small concentrated injclusions in grains or along grain boundaries, and if (2) the
inclusions were of co:parable size (I -) to the R57H sample which had similar
concentrations, tV en dots or lines indicating localized hg regions should be de-
tected. If 80-90. of 0.2, iq or less regions are examined, a solid solution of
.gO in Al 0 can be established. In the case of the remaining 10-20;, the ig
concentra~in drops abruptly to J. This is diametrically opposed to the first
data set indicating that diffuL.icn, and therefore solid solution, is nearly non-
existent. Boundary absorption can be theorized in explanption, but it would be
in disagreement rith the results obtained 60-90,; of the tiine. If boundary ab-
sorption occurs, it would have .o extend for 0.1 4 or less into thc Al 0 grain.
If preater absorption occurred, then spots or lines Vould be seen on t~e 3fluore-
scent photographs. This low rate of ig diffusion in AL) is not in keeping with
the literature. %'urtber examination of these samples i needed. it this list
effect is not obberved or a gradual transition to 0,3 ir is found, then solid so-
lution would be established. A solid solution, .. gO in Al 0 Js tei-tatively
concluded, since (a) most regions indicate solid solution, bj sintering is en-
hanced with XgO, (c) appreciable difAision rates of L.O in Al ha- - been re-
ported, and (d) inhomogeneities such as t hoc,- shown Pr6 prnbatl$ not representa-
tive of the saiple.

Figures 13aA- and 13bC show that the size of the alumiia irains calculated
on the assumption that excess magnesia in soiid solution with alumina tepd to
seg-rtate at the pr-n boundaries i in a4r-emnt vr.th the experiiventally deter-
mined giz-in size (Fig. 8D al.d earlier petro, raphic results). It is felt that
this sample, as vell as the CR757H somple, shows a solid solution gradient of
i;;a,-esia in alumina.

Another region -)f the CR757H samplo examined previously is shown in r-'is.
7A, 7B anu l4. Cnlty spinel prains can be examined with tils less sensitive data.
It explaint ivh the 2' mzgiesiia-contaiznIgj composition seeped to have less za.-
nesia prese-it than the I/.' ma-nesia-containing composition. The s.aMple is also
prese.-ted to pive further eviden ce 'that a )olid solution gradient of manesia
existr in spinel.
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D. Su.-nax-y of ,44lts and Discussion of the Entire Program (B and C above)

1. General

'he sinterinp characteristics of alumia were determined as a function of
temperatuze, time, firing atvto-nhere and concentration of magnesia additions.
The lowest tempeeature at vhlch pure al.mina compositions can attain less than
l, total pore volume is 1550 C (2822 F). This is realized by a 2,, addition of
magnesia and firing in a vacuum with a s-ak p-riod of 3 hours; this quality is
attaired wi th a l/4% magnesia addition only after a 7-hour soaking period. A
hydrogen fl:inp atmosphere necessitates a firing temperature of 1650C (3000CF)
plns a 1-hour soax with both the 1/h and 2. manesia additions; a 4-hour soaking
period is necessary if a helium atmosphere is used. The total pore volume of
the pure alumina composition8, that is, no mapnesia additions, never becomes
lower than 1.9,' even at the highest firing te.mperature and longest soaking per-
iod. To approach theoretical density or a total porosity less than 0.1,;, it is
necessary to fire to 1750 0  i,, either vacuum or hydroen, The !/4& mapnesia
composition reaches this with a 1-hour soak while the 2,; takes 3 hours.

An intensive study of the structure of this composition and the mechanism
that produced it vas undertaken. ,' ,vestigation of the phases formed aiid their
distribution was made, using micro pic and x-ray diffraction techniques. By
uang the back-reflection x-ray caiera an attempt -vas made to determine if mag-
neuia goes into solid solution vith alumina. An investigation of the maillesia
listribution in the sintered samples vas made, using electron probe analysis.
These tw o methods were used in an attempt to understand the role of magnesia ad-
litions in the sintering of alumina. Transmission electron microscopy was used
in an attempt to determine the quenched defect stricture associated with sinter-
ing. Determinations of the activation energy associated vith the sintering pro-
cess were attempted using electrical measurements. Activation energies could
not '- determined by either method. This vas probably due to the co:qplex and
numerous effects occurring simultaneously.

The inability to determine activa-ion energies may also be due to a depen-
dence of the diffusion coefficient on the vacancy concentration. If one assumes
that this concentration is controlled by entropy considerations, the vacancy con-
centration will vary exponentially with temperaturez If it is assumed that the
vacancy concentration is controlled by magnesia solid solution etc., and because
the degree of solid solution will have a temperature dependency, this concentra-
tion vill also vary with temperature. In either situation, a plot of the loga-
rithm of the diffusion coefficient vs. the reciprocal of the absolute te,,.pera-
ture would not be expected to yield a straight line.

2. Fffects of Atmospheres

The sintering rate was found to be independent of firing atmosphere at high
trmperatures with either vacuum or hydiofen. This indicates that in the final
stapes of intering the rate of difi,,sion of hydrofen was not a rate-controlli.g
step and that hydrogen diffuses probably as H or h . Since helium-fired samples
at lower temperatures yielded result, similar to hydrogen, and silce helium is
not likely to react with alumina ani prouce stoichiometric defects, there is no
indication that hydrogen enhances the sintering rate by producing defects at low
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temperatures. Vacuum-fired sam~ples had the highest S interin.g rate 4.t 1550 0C.
ieliumr-fired samples showed a higher initial sintering rate at 1$550C than hy-
droFen. These results can be explained by comparing the diffusivities of the
gases and the lack of i-as D. the case of vac-uum. Since hydroper. is larger than
V'iUn, the diffusiv.ity of hydrogen (i-' 2 in which form it probably diffu1ses when
onen po-res are r-esent) is less thai' helium. The results indiicate that at this
stage of sintering the over-all rate is partially controlleg by gas diffusion.
The enhanced sinterinfp rate of heli-m over hydrogen, at 1550 C -"6- found to de-
crease with time as v function of decieased open porosity. Since helium does
not diffuse appreciably through 4-n ervious alumina, this relationship is reason-
able. At higher te!uperatUreo, over-firing, both as a function of time and tem-
perature, vias noted In helium for c~ll =o.;posit ions. This over-firing is due to
the inability _f helium to diffuse throagh the structure when open porosity is
absen->._As t~e tenperature increased, the partial pressure of helium (non-
diffusible gas) increased; at ti-e savwe time the surface ernerar decreased slowly.
ITerefore the increased pressure within the pore became siifficieiit to overcov*
the surface energy driving force arnd the body over-fired, The tim dependence
for this expansior vis probably due to a delayed elastic effect, plastic iflow or
Nebarro-flerrning creep. Samples fimed ii, vacuum and hydrogen did not over-fire
under the same conditions. Theoretical density was approached by all magnesia-
containing compositions in hydrogen and vacuum.

The microstructure result's indicate U~at normral grain growth is not a func-
tion of firinr atmosphere. SLice the vapor-solid surface energy is oi.d- vezy'
slightly affected by atriosphere, the above result see-.-s (iuite reasonable. Exag-
gerated grain groswth was found to occur at a lower temperature in hel.ium than
either hydrogen, or vacuum for the pure aluml'na composition. A valid explaniation
itas not formed for this :)henomferiofl Lxaggerated grain growth was 0 noted ini the
1/L'), but not for the 2,'', marnesia-containing composition at 1750 G in helium.
This -,,as probably due to the g-reater degree of inhibition of both normal and
exapgerated grain growth found iin tne 2;') mapnesia-contaiing composition,

3. Effects of 1Kagnesia Additions

Under all conditions, tlie -ure alumina composition vwas found to have a lower
sinteririg rate than the magnesia-containing corpc~itions. This differenoe ini
sinterinp rate iAs due not only to ma4-nesiats inhiUition of exaggerated grain
grcwth or its postulated retardation of normal grain growfth (ref. 34L, but also
to the enhanced rate due to solid solution, or adsorption. At l550 C; one of the
te!%peratures where this difference in rate was found,. no noticeable amount of
exaggerated grain growth occurred with any composition fired in vacuum or hydrogen,
The rnrain size of all compositions was similar. The differences in sinterin~g
rate between ti e pure alumina and the -Wnesia-containing compositions can be at-
tributed to the followinig:

1) At highier tenper.,ures magnesia inhibits exaggerated grain g~rowth, there-
by allowing the compositions containing miarnesia to reach theoretical
denisity.

2) 1 apne sia ma,, form a spinel coatinp or large numbers of fine spinel part-
icles around the alumina grain and change the surface energy configura-
tion Ui a way which may aid or hinder sintering.
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3) iie ii-i unzd(ls than 0.25 ) of mapnosia ma ointo solid so'lut ion

atheo teffetsi ccrt-ei siBecinu ae f .. st icreaser csicerte intera-

inp rate eqruals the diffuaion coefficient multiplied by the vacancy con-
centrat iongrdet

The aintering rates for all mapiiesia compositions are quite similar, There-
fore, tv-e sintering rate over this compositional range i as independent of the.
magnesia content but dependent on some critical rinimum ariount. Bruch &,tef- 35)1
indicates that similar sinteriinp rates were obtained for both 0.25,'ad0l,
mapnesia-containing Comositions. As seen from the results, all magnesia-contain-
ing coMositions vere beyond the solid solution solubility range of magnesia in

alumin. Thu, if solid solxtion of magnesia in alumina was the na or c~~rc-
tion to the enhanced sintering rate, all coiipositions containing ~~i~a~~i~
have similar rates. If spinel v,. the contributing factor to 1t-1e increased :ate
(excluding Case no. 2 mentioned above), it would be compositiunally sensitive.
but t!he results did not indicate this.

Becase of the absence of magnesia in this pure aimnina composition, exag-
gerated grain. growth was found to occur in al three atmoepheres. P~anesia can
act in the followinp .Yays to inhibit exaggerated grain growth$

1) It can chanpe the vapor-solid surface energy, and thereby affect grain
prowth.

2) By solid solution fornLation and/or foniation of a solid solution gradient,
it can increase tve sinterinpg rate relative to the rate of grain prowth
arid in tlhis manner by-pass the critical porosity region at a lower tem-
perature. Exaggerated Frain growth is then avoided.

3) It car, be adsorbed at tte svrface either as a second phase or a solid
solution .;itb a higher concentration of magnesia. in this hay, it can
act to reduce the maximum prain boundary velocity which would be reached
when ti e pore phase is eliminated in tt e local region surrounding the
prain boundar-y. Ina order for the prain boundary to move, the additional
miapnesia must be carried alone- with it. Therei'ore, t1,e 1rain boiunday
velocity is lowiered.

It is felt that mechanisms two aind three are the most probable mechanisms,

The rate of normal grain growth '.ras f£:und to be sirilar for all magnesia-
containing compositions except at 1750 0C. Due to greater mafcnesia coicentration
at this temperature unid long firing times, the 2% £hg-containing composition had
a smaller grain size.

'.4ork by Jergensen and !estbrook (iefs. 29s 34) indicated the segrasaticn of
magnesia in solid solution writh alumina at the grain bo~undaries at 1830 C. They

hit, postulated that at losy te;,iperatures durinp the initial srtage of sintoring, mag-~
nesia in solid solution writh alumina near the grain bouandaries retards sinte~ring

by redLo'inp. the diffusion coefficient. They stated that during the interiediate:1 < and final sinterinp stages tt e sinterinp rate is enhanced by the incorporation



of magnesia. These authors postulated that retardation of normal grain growth
was the mechanism that produced this enhanced rate, This mechanism reduces the
distance between the pore and the grain boundary. The retardation of normal
grain growth results in an increased vacancy concentration gradient.

It is felt that evidence is insufficien for their conclusions to be valid.
They made microhardness measurements at 1830 C that indicated magnesia solid so-
lutlon at the grain boundary, and unsuccessfully attempted to determine this
solid solution by electron probe analysis. However, they found solid solution
when using the br.k-reflection x-ray camera. Jergen-in does not consider a tem-
perature dependence for the solid solution of magnesia in alumina when a solid
solution is assumed at 13000C from data obtained at 1830 C. Disagreement of the
results and the mechanisms found by Jergensen were previously discussed. Since
additional information is necessary for a more detailed investigation of the role

of nagnia lm the sintering of alumina, the following techniques were utilizeds

1) op'ticaJ noop
£) x-ray diflCtractio
3) back-reflection x-ray camera
h) electron probe analysis.

An attempt vas made to determine the activation energy for vacancy movement
and relate this to composition and atmosphere. The results obtained indicated
that this determination was not feasible.

It is known that defect structure is an important variabl, hose effects
must be understood. Electron transmission microscopy indicated the difficulty
in removing the phosphate precipitate formed during thinning from the thin sec-
tions. In all the alumina areas examined, evidence of dislocations was not ob-
served. Tighe and Barber have shown that the dislocation density in aa-gpown
single cryst ls of aluminum oxide made by the Verneuil method is about leO dis-
locations/em (Ref. 20). This would correspond to about one to ten dislocations
in the entire field of view of the electron microscope. With Linde A the number
of dislocations introduced by fabrication and those present initially wou" prob-
ably be much less than in single crystals. Therefore, the dislocation density
in the sintered samples should be appreciably less than 105 and ma be undetect-
able if examined under the electron microscope. An exhaustive study of very
large numbers of grains was carried aut; however, dislocations were not observed.
Dislocations may be present at grain boundaries in measurable concentrations, but
they were not detected. As far as the limited data could be used, the interior
of the grain was found to be dislotation-free. Under the conditions investigated,
dislocations appear to be of mino importance in the sintering of aliminum oxide.
This would tend to support the gcns.rally accepted opinion that sintering of alum-
inum oxide is diftusion-controlled. If the above is conclusively proven, internal
dislocations may not act as either vacancy sources or sinks.

Optical microscopy was used to determrine the spinel distribution in the sin-
tered samples. The d~stribution of magnesia was found not to be a function of
composition. tt 1550 C spinel was found as either a coating or a large disper-
sion of small particles at the alumina grain boundary. At 175000 pinel was
found in irregular or cublc-shaped grains at the intersectin of two or more alum-
in& grains. The latter was observed by the authors and W. C. Allen (Ref. 39).
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Theso results indicate that the solid solution limit of magnesia in alumina at
these temperatures is below 0,25% W4O. The ability of spinel to form its own
crystal habit may be attributed to the large solid solution variation of Al20
in Hg0.AlO0 If this is correct, a solid solution gradient of magnesia in spinel
could be romed. Although this gradient was shovn, it does not validate the
above mechanism. Since a solid solution gradient could al mo be formed by the
non-equilibrium build-up of variable compositioned spinel layers, the above mech-
anism cannot be used unequivocally. The above effect was examined by the elez-
tron probe.

X-ray diffractiou patterns were made of the 2% magnesia-containing composi-
tion at l550 and 175oC and the presence of spinel was mibs+ -tiated. Since
spinal is detected, the percentage of spinel present can be estimated at approx-
imately 5 to 10%.

The theoretical density of the 2% magnesia-containing composition was de-
termined by optical microscopy methods to be 3.96 g/cc. Since a comparison of
sintering data made on the basis of bulk density is invalid when the theoretical
densities of the compc 1tions are different, this determination was critical.

Grain size det.rminations indicate that grain size was not a function of
composition at 1550 C. Jergensen reported a difference in grain size of 0.1
micron at this temperature with compositions containing 0.O and 0.1% MgO-contain-
ing compositions (Ref. 34). Due to both the inherent meaning of the term "average
grain size" and the experimental error, it is felt that differences in grain size
of this order are not significant. Jergensen then proceeded to utilize this in-
formation to explain the effect of magr -sia in the sintering of alumina. The
results reported herein appear to be more conclusive and possibly of greater qig-
nificance. From Bruch's studies (Ref. 35), Jergensen has shown that the pure
alumina specimens were contaminatsd by magnesia. This occurred becaus . of mag-
nbsia's .7olatility during firing. Therefore differences in grain size betwean-a
1/4% magnesia-containing composition and the pure alumina composition were not
reported by Coble (Ref. 36). In the effort reported herein samples were placed
in covered impervious alumina crucibles during the firing operation. It there-
fore seems unlikely that sufficient magnesia could be introduced to the pulm
alumina composition to cause the grain size effect noted by Jergensen. In his
experiment it must have been necessary to fire the composition in different fur-
naces. Even if it is assumed that a grain size difference of 0.1 micron is sig-
nificant, it seems that variations in grain size due to time, temperature and
temperature distribution might easily account for the observed diffjrence. If
sufficient magnesia evaporated and diffused from the magnesia-containing composi-
tion to the pure alumina composition and also resulted in a similar grain size
for both compositions, then these compositions would be fairly similar and should
have similar sintering rates. This was not observed by Jergensen. It is felt
that even though a mechanism of grain growth inhibition would yield different
sintering -ates, the actual mechanism is one of the formation of both a solid
solution and solid solution gradient of magnesia in alumina. If the +echanism*

of this solid solution is partially or wholly the replacement of 2Al+ by 21g
and creation of an oxygen vacancy, an increased vacancy concentration and con-

centradion gradient would result. This increased vacancy concentration and va-

cancy gradient would be in the proper direction to enhance the sintering rate.
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In an attempt to prove the mechanism postulated above, the solid solution
znd solid solution gradient of magnesia in alumina, the back-reflection x-ray
camera and electron microprobe analyzer were used.

The results obtained with the back-reflection x-ray camera using both Linde
A starting material and tht pure alumina coposition were compared to the 1/4%
mapnesia-containirg composition and showed no indication of solid solution. This
result differs from Jergensen's. The change in d-spaeing reported by Jorgensen
seems excessive. If a change in d-spacing of the order of magnitude shown by
Jergensen exists, it would have been observed by these authors. The results Ob-
tained in this study using the back-reflection camera can be interpreted to mean
one of the following.

1) No solid solution exists.
2) Little if any change in d-spacing would be noted when the solid aolution

is partly or wholly interstitial.
3) The magnesia concentration was too low for detection.
4) If a solid solution gradient exists, this technique will measure an

average value which would be far less than a uniform magnesia distribu-
tion. Therefore, the solid solution would be even more difficult to
detect.

The electron probe analyzer was used to clarify the mechanism by which magnesia
affects the sintering kinetics of alumina, The following results obtained with
the electron probe will show why the back-reflection camera technique wAs unsuc-
cessful.

The results obtained from the electron probe indicate the followingi

1) Every area examined, including the sample whose Mg fluorescent picture
was black, had some magnesia. Only a few localized regions gave sowe
isolated values of 0% Mg.

2) Regions designated as spinel grains were found containing 3 to 4 Wt.
Mg in areas containing one or a few grains at 1750 C.

3) A solid solution gradient of magnesia in spinel occurs at 1750eC.
4) Segregation of Mg in localized regions forming spinel crystals of simi-

lar size to the best grain size were noted at 1750"C but not at 1550C.
5) The limit of solid solution of magnesia in alumina was postulated to

vary from 0.1% to 0.008% Mg by weight.
6) A possible solid solution gradient of magnesia in alumina was determined.

In order to interpret the sinterinp results, some of the probe results will be
discussed.

It was observed from the sintering results that the sintering rate was not
a function of magnesia content above a certain cri.tical level. This can be in-
terpreted to indicate that spinel above certain concentrations does not affect
the sintering of alumina. If the low-temperature and high-temperature data are
compared, a small compositional effect may exist at 1550 C. Since the composi-
tion of the spinel phase increases in alumina content with increasing temperature,
producing a probable decrease in theoretical density (spinel is loss dense than
alumina) with increasing temperature, this effect probably accounts for the
slight difference in sintering rate of magnesia-containing compositions. As
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further evidence in support of the similar siztering rates of magnesia-containing
compositions, there is a large degree of similarity in magnesia distribution up
to the point of spinel formation between the 0. 1 i4 and 2.0% magnesia-containing
sampies as determined by optical microscopy and electron probe analysis. Varia-
tions noted in the magnesia content of the specimen were indicated. However,
these variations were of total quantity rather than the manner of distribution.

A probable solid solution and a oolid solution gradient were detected at
high temperatures with the magnesia-containing compositi8 nSo A segregation of
spinel into large localized regions was observed at 1750 C. This segregation
may be due to either iocalized magnesia concentrations which were noted to a
slight extent at 1550 C witb the electron probe, or to incomatibility (high in-
terfacial energy) between spinel and alumina.

ThS probable solid Solution aid solid solution gradient can only be justified
at 1750 C, since at 1550 C the grain size was generally too small for interpreta-
tion with the electron probe. Total porosity studies indicate the similarity in
relative sintering rates of the magnesia-8ontaining compositions and the pare
alumina composition at both 1550 and 1750 C. The rate of normal grain growtii was
compoeitionally insensitive and exaggerated grain growth did not occur in anr com-
position in vacuum or hydrogen at 155) C. Therefore the enhanced rate with mag-
nesia additions cannot be a function of either normal or exaggerated grain growth.

As a result of the above, a solid solution and/or a solid solution gradient
of magnesia in alumina may be theorized at 1550°C. The solid solution formed is
probably temperature-sensitive and should increase with increasing temperature.

If the solid solution is partially the replacement of 2A4+3 by 2Mg+2, then
an increase in both the diffusion coefficient and the vacancy concentration grad-
ient will produce an enhanced sintering rate. Electron probe and sintering re-
sults show that the solid solution mechanism of magnesia in alumina is probaltly
predominantly substitutional rather than interstitial. A minimal effect or a de-
crease in sintering rate should result, since excess vacancies should not be grn-
erated with an interstitial solid solution. This decrease or minimal effect is
contrary to the observed results. Fick's Law shows that the multiplication of
the diffusion coefficient by the concentration gradient yields the rate of mass
transfer by dif~usion. The effect of magnesia can now be explained by recognizing
that the probable solid solution and solid solution gradient formed can increase
either the diffusion coefficient or the vacancy concentration gradient or both,
and thereby increase the siatering rat-. It is still necessary to prove conclu-
sively that magnesia in solid zolution with alumina will produce vacancies.

Jorgensen (Ref. 34 ) and Cutler (Ref. 37) showed that magnesia acts as a sin-
tering inhibitor to alumina in the initial stages of sintering at about 1300C.
Jergensen stated that this inhibition was due to a re luction of the diffusion co-
efficient by a solid solution mecharsm near the grain boundary. He assumed that
the measurements he had made at 1830 C which determined the solid solution of mag-
nesla in alumina in the vicinity of the grain boundary were applicable at 1300 C.
He then showed experimentally that magnesia could reduce the sintering rate of
alumina and reported that this change was due to a reduction of the diffusion
coeffi cient.
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Two possibilities for their conclusions are proposed:

1) a change in type of solid solution with temperature.
2) the effect of spinel on the sintering rate of alumina at low temperaturZs.

In the first case, if it is assumed that solid solution occurs at 13000C, the type
of solid solution may be totally or nart' ally interstitial. As the temperature
is raised, the nature of this soiie sol jion ma ^change, is e., larger percert-
ages of a one for one replacement of Al by 11g may occur, thereby enhancing
the sintering rate. In the second case, the solid solu Lon of magnesia in alum-
ina may not exist arl the effect observed could U due only to spinel. From the
calculations made r eviously on Navias' work (Ref. 38), there seems t8 be small
likelihood that magnesia would diffuse from the spigel formed at 1300 C into the
alumina grains. At temperatures near r above 1550 C, aluminum and magnesium are
sufficiently mobile .o form aome solid solution of magnesia in alumina. The mech-
anism of spinel's ibitio. c the inteiing of alumina may be due to either a
lowering of the surface .nergy or a lowering of the diffusion coefficient in the
manner shown beLow,

As indicated by the r- rostructura . results at 15500C, a spinel second phase
was noted as a coating or a f:ne dispe-sion at the grain boundary. The path of
diffusion of & vacancy in thib system would begin at the spinel layer a..d diffuse
through both this laycr and the alumina gr din to the grain boundary, where it is
finally sliminated. This process may lowtir the diffusion coefficient. As the
temperature is raised abovw 13000C, an increasing percentage of magnesia enters
the alumina grains as a solid solution. A gradient of magnesia concentration is
built into the alumina grains. Th- effects of both the solid solution and the
gradient overshadow the inhibiting effec- of spinel. This results in an enhanced
sintering rate. The enhanced sintering rate of compositions containing magnessa
has bEen shown b, this investigation in the temperature region of 1550 to 1750 C.
Similar sintering rates of all magnesia-containing compositions indicate that the
spinel phase, at least at higher corontrations, is relatively unimportant in
sintering in this system. This independence tends to agree with the mechanism
just proposed.

E. Conclusions

1. Minimum Conditions for Attainng 99% of True Density

Kagnosia

TeMerature Time Atmosphere Addition

15500c 3 hrs Vacuum 2%
15500C 7 hrs Vacuum I/U
1650'0 1 'r Hydrogen 1/4+2%
!65n'C 4 hrs Helium 1/4+2%

2. Minimum Corditions for AttaininM 100% of True Density

hagnesia
Temprature Tim Atmosphere Addition

17500C 1 hr Vacuum and hydrogen 1
17500 C 3 hr, Vacuum and hydrogen 2%

100% alumina exhibits 1.9% porosity at best.
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3. Atopoheric Effects

a) The sintering rate was found to be independent of firing atmosphere it
high temperatures with either htrogen or vacuum, which indicates t 1 e probabl'
diffusion of hydrogen as H or H

b) There was no indication that hydrogen enhances the sinterlg ratz of &lu,,-
ina by creating lattice defects.

c) At low temperatures the sintering rate was affected by gas diff6ao cn
through the pores. The higher the diffusivit- of the gas the higher the sinte'
ing rate.

d) The initial sinterinj rate in heliur was higher than hydrogen at 1550°C,
but oscreased with decreasing open !orcsit'

e) Over-firing was observed to occ..ur as a function of both time and temper&
ture in helium at higher temperatureE

f) Theoretical density was reached on] in vacuum and hydrogen.

p) Normal grain growth was not a function of firing atmospnere.

h) Ekaggerated grain growth occurred with the pure alumina composition in
vacuum, hydrogen and helium.

i) Exaggerated grain growth occurred at a lower temperature in Y'lium Uith
the pure alumina composition than in vacuum or hydrogen.

J) No exaggerated grain growth occurred Aith the magnesia-contaii-'ng samples
in vacuum or hydrogen.

k) Significant amounts of exaggergted grain growth occurred witt, the 1/4%
magnesia composition in helium at 1750 C. Little indication of exaggeratea grain
growth was found for the higher magnesia-containing compositions.,

4. Effects of Magnesia Additions

a) The pure alumina cmesition hd.i a lower sintering rate than the magnevia-
containing composition

b) At 1550°C the rate if normal grain growth was independent of composition
in hydrogen or vacuum.

c) The mechanism proposed for the enhanced sintering ate with additions of
magnesia is the formation of a solid solution and a solid solution gradient that
probably increase the diffusion coefficient and te vacancy concentration gradient.

1) The only mechanism of solid solution t'it seems to yel43 results.An

agreeiment with these obtained is the replacement of 2A1 by 2Mg and
the sation of an oxygen vacancy. Other types of solid solution mech-
aninae proposed seem to decrease or have little effect on the numbel.
of vacancies.
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d) The activation energy for vacancy movement could not be measured.

e) The activation energy for sintering in the intermeuate and final stage
oi sintering could not be measured.

f) No dislocations were seen with the limited number of samples investigated
'dislocation densities of 1O5 normally found in alumina would correspond to from
1 to .1 e- les dislocations per field of view) with the electron microscope.
This would tend to indicate, in a limited manner, that dislocations have little
effect on sintering. This agrees with the sintering literature on alumina.

V) IJo observable difference was noted in the manner in which spinel was dis-
tribut d in all magnesia-containing compositions by both the optical microscope
and electron probe analysis.

h) Tieing o tical microscopy methods, spinel was found as a coating or as a
dispersion of small crystals along the alumina grain boundaries at 1550C.

i) A egregation of spinel was found at 17500C.

J) Sninel was formed as irregularly shaped grains and in cubes between alum-
in vraint at 7500C.

k) X-ray dii raction indicates the formation of spinel at 1550 and 175cOC
with vhe 2% magnesia-containing sanple.

1) The segrega ion of spinel at 17500C indicates incompatibility (high inter-
facial energy) betwe 'n alumina and spinel and/or local inhomgeneities.

m) The theoretical density of the 2A magnesia-containing composition was
found to t, 3.96 g/cc at 17500C. This value may change as a function of tempera-
ture due t;. the var 4 t~tion in the alumina content of the spinel solid solution.

n) SOliL alutioi. of magnesia in alumina was not found with the back-reflec-
tion x-ray ca: r°.

o) en using the back-reflectinn x-ray camera, no variation tn d-spacing
was clserved as a function of bot' 8; An size and temperature with the 1/4%
'agesia-doped c iposition.

p) Electron microprobe analysist

1) Except for a few isolated points, all areas examined had some measur-
able ,ircentage of magnesium.

2) Sinel grains were found and a solid solution gradient of Mg increasing
from tb- grain boundary to the interior was observed.

3) Magoesiui was found to be segregated at 1750 0 C tut not at 15500C.

4) A probable solid solution of magnesia in al-u-a is theorised which
v&,ies from about 0.1 Mg to q.00O% Mg at 17'0)C. This solid solution
was inA rred to e.ist at 1550 C from experimental results. further
studies are needea because som conflicting data were obtained.
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I
5) If a solid solution exists, then a solid solution gradient of magnesia

in alumina was found with magnesia icreasing in concentration as the
grain boundary is approached at 1750 C. This gradient was al7o in-
ferred at 155O C from experimental measurerents.

6) A large degree of similarity was found between the magnesia-contanin0'
coipositions. This result tends to substantiate the sin 4arity in
sintering rates found with the magnesia-containing compositions.

7) Two proposed mechanisms were postulated to explain (i) the inhibition
of sintering of alumina by magne.la during the initial stage of sin-
tering, and (ii) the entanced rate found during the intermediate and
final stages of sintering of alumina. They are:

i) lith increasing temperature, the mechanism (type of solid solution)
of solid snlution of magnesia in alumina may change from mostl-
interstitial to most substitutional.

ii) If solid solution of magesia in alumina is non-existent during
the initial stage of sintering, spinel may act to inhibit the sin-
tering of alumina by reducing the surface energy and/or the diffu-
sion coefficient. Then. as the temperature is raised, magnesia
enters the alumina structure in solid solution and overshadows the
effect of spine! in the intermediate and final stages of sintering.
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II. Devtrification Studies

A. Introduction

This third phace of the research program deals with the development of ceramic
bodies which mature in the 1800 to 2600 F temperature range. The devitrification
approach of the prereacted raw materials technique has been utiled in the fabri-
cation of these coupositions. This technique resulted in significant improvement
over conventional fabrication in at least three areas. S'.ellent reproducibility
of samples can be attained, since the raw materials are mixed on an atomic basis
in the fritting operation. Secondly, the quenched glass can be ground easily to
the desired particle size for optimum packing, and thirdly, the crystal sise of
the final body may be controlled with proper heat treatment. The basic steps in
the fabrication are as follows: melting of the total composition, quenching in
water drying, grinding to a controlled particle size distribution, fabrication
into bpecimens, and firing. In tite firing operation, a crystalline phase is de-
vitrified from the glass. Thus the resulting body is then a matured crystall.ie
body containing some glass for dersification.

Compositions containing cordierite,* 240-2AI 0 SiO, as tt" major crystal-
line pha3e were selected fcr the study. The stabli high ti,'ierature polymorph
of cordierite, the alpha form, is characre'2ized by a low coefficient of linear
thsrmal exansion, approximaLely 1.3 X 10 in/iV C over the temperature range
25 to 700 0C. This low thermal expansion is conducive to high thermal shock re-
sistance, which is a primary requirement in tha development of ra'..ome material.

A serious disadvanta i of most cordierite compositions prepared convention-
ally, that is, by solid phase reaction, is the narrow firing range. In order to
increase the firing ranpe, commercial bodies are chosen with a composition sig-
nificantly removed from the theoretical cordierite composition in order to develop
a liquid phase which results in densification. However, these compositions con-
tain a substantial amount of other crystalline phases, ad with the glass present,
exhibit increased thermal expansion and thus rmuced thermal shock properti-d.
If a composition of theoretical cordierite is utilized, the liquid phase necessary
to densify the body can only came from the incon-ruent melting of the phase. This
is unsatisfactory owing to the rapid nature of tne melting and to low viscosity
of the Rlass formed. .hether pura cordierite can be sintered has not been deter-
mined.

With the fabrication of a cordierite body, two factors must be considered:
0) maxinnm cordierit' development for low thermal expansion, and ) sufficient
liquid phase to densify the body without adversely affecting the amount or devel-
opment of the cordierite phase. The addition of the liquid phase may be approached
from two aspects. The first is the melting of a composition near the cordierite
composition, such that cordirite and wotJ-er phase, glass and/or crystalline,
would be developed. ihese other phases would react with the cordierite to form
a liquid phase below the incongrent maltinr temperature of the cordierite, thus
preserving gufficicnt cordierite to dominate the expansion characteristics of the
body. The second approach deals .'ith the incorporation of a second frit whteh
wo'ald supply the glass phase necessary for denaification of the ccrdierite pro-

'Complete literature survey in Report 1-o. 3, Cw~ 64-ODXO-d.
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duced from " pure -oreierite glass. Li this manner, it would not be necessary
for the cordierite development to be inhibited by reactions to form a liquid phase.

In tht previous Naval Contract NOw 64-0040-d, a preliminary study of cordier-
its compositions was conducted utilizing both the one-frit and two-frit approaches.
Two compositions cut of eighteen one-frit composi 'ons were found to attain ratur-
ity and possess a low thermal expansion. The initial two-frit composition de-
veloped possessed low thermal expansion and an extended firing range.

B. Program of Study

This present work deals with an extensicn of the principle developed in the
earlier contract. The one-frit mpositions were evaluated with regard to den-
sity, moisture absorption, fi: temperature, linear thermal expansion, elec-
trical properties, transverse strength, and microstructure. The two-frit compo-
sitions developed were evaluated for the same physical properties. Also, nine
glasses were studied as densifying glasses or the second glass for the two-frit
system for the cordierite compositions. All of these were evaluated for thermal
expansion, and all were evaluated for firing range, density, moisture absorption,
crystalline phases present, in 10%, 20% and 30% additions to the base pure cor-
dierite glass, which is the glass which produces the principal crystalline phase
in the two-glass system.

C. Copositions

Figure 15 shows the location and several properti s of compositions studied
on the gO.Al 0 .SiO2 equilibrium diagram. Most of this information is from the
last contract-arid the details -e reported in the last Final Report. This in-

formation serves as reference and background information with respect to the one-
glass approach to the devitrification technique. Table III lists the composition

Table III

COMPOSITIONS EVALUATED IN THE MgO.Al 2 03 . SiO2 SYSTFh

C-8 C-13 Co Cb-9 Cb-98 Cb-,lO Cb-96

Sio2  52 55 51.4 58.o 52 55 61.4
14gO 25 10 13.7 7.67 8.3 6.67 6.4
Al 0 23 35 34.9 19.0 23 25 18.3
Bag 3 7.67 8.3 6.67 6.4
CaO 7.67 6.3 6.67 6.4

C-A C-B C-C C-D C-E C-F

Sio2 58 55 55 61 61 49
Mgo 6.67 8.67 7.67 8.67 3.69 8.67
Al0 22 19 22 13 25 25
Bag 6.67 8.67 7.67 8.67 3.67 8.67
CaO 6.67 8.67 7.67 8.67 3.67 8.67
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Code
omposition #

Coefficiet of Urjear Thermal Expansion (x 10 - )
Moisture Absorption (%)

2SiO2

M90 Al2 0 3

Cristobalite

Tridymitie

~~ ..0..3? 84.0.~o

o.09)( (.1)

-6
Protoenetctote 5. .92/ (0-03) C-1~~1

(0.00) Th-51 C-4 10dirte(.20)

Forsterite 1
C-Br -IC1

C-17 1:97 Co
.3.6 .(0.i0) 1.29(006 -C-2 "(11.2o) C-14

1.75 \ 1.90
. . (.92) (3.90r

Spinal

/C-16 C-15
03.8 2.4

(o.oh) "(0.05)

Fig. 15--Properties of Compositions Evaluated in the NgO'AI 2 03 "SiO2 System
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of several pertinent compositions from Fig. 15 along with those of the fluxing
or low melting glass which will be added to the cordierite or second glass. iig-
ure 16 shows the location of the compositions in the RO.A 0 .SiO system, in
which KO represents MgO, CaO and BaO, which are added as cir~onatis; the alumina
and silica were added as oxides.

D. Processing Procedures

All compositions were weighed and then mixed in a twin shell blender for I
hour. In ordsr to decrease the bulk all Al20 .S!O .6 compositions were cal-
cined to 1800 F, and all Al 0 SiO .'IgO'BaO2 C O co2ositions were calcined to
1500 F. Each batch was then passec through a -200 mesh screen to break up ag-
plomerants. The compositions were then melted individually in fire clay crucibles
in a gas-fired pot furnace, quenched in water, dried, and milled dry for 48 hours
in an alumina mill with alumina pebbles. This ground material was then passed
through a -200 mAph screr, and was used as the raw mater:ial in fabrication.

In the one-frit compositions, the raw material was mixed with 5% of a 5%
Superloid solution, and pressed at 15,000 psi into 1" diameter flat discs. These
discs were fired to the appropriate maturing temperature in 6 hours plus a 1-hour
soaking period.

In the two-frit compositions, the two frits were weighed out in the correct
proportions and wet-milled for 24 hours in alumina mills with alumina pebbles,
using ethanol as the fluid phase. Discs of the same size as noted above were
pressed under the same corditions, using 5P by weight of a 5% Superloid solution
as a binder. These dios were then fired to the appropriate maturing temperatures
in 6 hours plus a i-hour soaking period.

E. Results

1. One-Frit Approach

In tte previous Naval Contract, NOw 64-0040-d, 18 compositions were prepared
itilizing the devitrification technicr-. These compositions were evaluated with
regard to thermal expansion, density, moisture absorption, and firing range. Fig-
ure 16 shows their compositional locations in the phase diAgram, along with their
thermal expansions, and minimum moisture absorptions. The object was to develop
a gody with a low thermal expansion, zero moisture absorption, and at least a
25 F firing range. Two compositions, C-8 and C-13, were the only compositions
which satisfied these requirements. The composition and fritting temperature of
these bodies are shown on Table IV along with their physical properties.

These two compositions were prepared in larger batchea in order to evaluate
more fully the physical properties. Table IV presents the maximum density, min-
imum moisture absorption, firing temperature and range, coefficient of linear
thermal expansion, electrical properties, transverse strength, grain size, and
crystallLne phabes present.

As can be seen from Table IV, both bodies exhibit relatively high densities,
zero or almost zero moisture absorption, at least a 25 F firing range, and coef-
ficients of linear thermal expansions below 1.97 x 10 in/intC. The transverse
strength of C-13, 15,000 psi, is in the upper range of values for cordierite com-
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Table IV

PROPERTIES OF THE ONE-FRIT TYPE COMPOSITIONS

C-13 c-8

sio2 (%) 52 55
AL (%) 23 35
1*g? %N 25 10

Fritting Temperature (OF) 2600 27U0
Density (g/cc) 2.45 2.41
Moisture Absorption 0) 0.00 O.10
Firing Temperature ( F) 2600 2525
Coefficignt of Linear Expansion 1.69 1.97
(x 10 inn C)

Dielectric Constant 5.45 5.45
Power Factor (%) 0.21 0.29
Loss Factor (%) 1.16 1.60
Transverse Strength (psi) 15,000 13,300
Grain Size ()o 3-7 3-7
Firing Range'( 0 F) 2580-2610 2510-2535
Crystalline Phases Present Cordierite Cordierite

Mullite Fosterite

(minor) (minor)

positions. Kicroscopic studies show the grain size to be 3-7 microns with an
evenly distributed glassy bonding phase, and approximately 7% closed void spacc.
The electrical Troperties show average dielectric constants for cordierite com-
positions, and power factor and loss factor are in the range expected from this
type of body.

Over-all, both bodies possess desirable physical properties, low thermal
expansion, relatively high strength, and a workable firing range. With minimum
additional effort, both compositions shouAd perforn, adequately for radome appli-
cations.

2. Two-Frit Approach

In the previous Naval Contract, NOw 64-004O-d, cordierite compositions were
studied in which additions of a low melting, devitrifiable glass were made to a
cordiertte 7lass in order to maximize cordierite development, extend the firing

range, and to nature the body. Only one glass, Cb-9, was added to thc cordierite
glass, Co, in l')%, 20% and 25% additions. Low expansion bodies with an extended
firing range were realized.

The first phase of the present study deals with a more complete evaluation
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of the physical properties of the Co-Cb-9 conpo i z. Thrz: tzIes were eval-
uated with rerard to density, mnisture absorption, firing temperature range, co-
efficient of linear thermal expansion, electrical properties, loss of weight in
water, crystalline phases present, and microstructure.

The second phase of this effort deals with the development of other low
melting frits to be added to the cordierite frit. Nine other glasses were pre-
pared and evaluated with regard to firing range and thermal expansion values.

a. Co-Cb-9 Frit. Evaluation of Physical Properties

The evaluation of the physical properties for 10,, 20% and 25% additions of
Cb-9 to the cordierite glass, Co, are shown In Table V. It can be seen that al2
bodies have 0.00% moisture absorption, rglatively high densities, a firing range
from 50OF for a 10% gb-9 addition to 150 for a 25% addition, and low thermal ex-
pansions, 1.55 x 10 in/Li/fC for a 10% Cb-9 addition up to 1.99 x 10"° in/in/°C
for a 25" addition. A study of the microstructure shows grains the 2-10 L
range with a void content approximately 7; of volume. The elect .cal properties
of the 20% Cb-9 additions show the body to be in the L3 grade range of the MIL
1-10 Specification.

b. Evaluation of Individual Densifyinp Glasses

i. Firing Range

Table VI shows the change in density and m-isture absorption with regard to
temperature. 14hile the actual densifica~ion temperatures vary alightly, it can
be seen that all compositions have a 400 F firing range over which the density
changes only slightly, and the bodies remain 0non-porous. In ali 8ases except
C-E, the compositions are non-porous at 1800 F and melted at 2300 F.

Figure 16 shows the compositional points in a ternary SiO .Al ^3 .PO, where
HO is equal molar portions of MgO, BaO and CaO. It can be see thit there is no
correlation between compositional points, extended firing ranges, and high Oer-
sities. Generally the highest densities and longest firing ranges are found for
bodies C-B, C-C, Cb-9 and C-F, which are in the center of the diagram.

ii. Differential Thermal Analysis

Differential thermal analysis was performed on the glasses Co, Cb-9, Cb-98,
Cb-96 and Cb-910. The curves are shown in FI,. 17. ThA oirves of Cb-96, Cb-9,
Cb-96 and Cb-910 possess similar shapes with regard to temperature; thus only one
representation is needed for these glasses.

The differential thermal analysis of the Co glass is interpreted as followst
there is no reaction until 7800 C t which temperature the glass begins to nucleate;
nucleation continues to about 936 C, at which temperature the glass orystal4izes
into p-cordierite, then at 970 C transforms into cordierite, and above I00 C
grain growth is occurring.

The differential thermal analysis of the Cb-9 type 8f glasses is seen to be
significantly different. Thare is no reaction until 732 C, at which temperature
nucleation occurs; above 840 C, two things are occurring: the glass is softening
and crystallization is taking place. The endothermic reaction associated with



Table V

PHYSICAL PROPERTIES OF TWO-FRIT BODIES

9o% Co 80% Co 75% Co
10% Cb-9 20% Cb-9 25A Cb-9

Density (g/cc) 2.37 2.25 2.24
Moisture Absortion (%) 0.00 0.00 0.00
Firing Range (-F) 50 75 100

(2575-2625) (25oo-2575) (24o-255o)
Coefficient nf Linear 1.55 1.83 1.99
The rmal Expansion
(x 10- i/h.n/ 0 0C)

Loss of Weight ir Water (%) 0.0 0.0 0.0
Dielectric Constant 4.75
Power Factor (A) 0.30
Lose Factor (%) 1.43
Transverse Strength (psi) 13,000 11,500
Crystalline Phases Present Cordierie Cordierite Cordierite
Grain Size (1,) 2-10 2-10 2-10
Firing Temperature (OF) 2600 2550 2500
(Specimens Tested)

Void Content (%)7 7 7
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Table VI

MOISTURE ABSORPTION (4) vs. FIRING TEIIPERATURE (OF)

C-A C-B C-C C-D C-E C-F Cb-98 Cb-910 Cb-96 Cb-9

1500 1.73 1.57 1.55 1.92 1.44 1.60 - - - -

1600 1.76 .16 1.89 2.59 1.45 2.17 2.73 2.55 2.59 2.59
1700 2.23 2.73 2.72 2.72 1.75 2.80 2.75 2.65 2.60 2.67
1800 2.65 2.83 2.77 °'.75 2.63 2.85 2.67 2.65 2.74 2.74
1900 2.66 2.82 2.79 2.77 2.67 2.84 2.73 2,67 2.68 2.74
2000 2.67 2.83 2.83 2.75 2.b7 2.84 2.72 2.65 2.64 2.73
2100 2.68 2.83 2.85 2.72 2.68 2.85 2.70 2.63 - 2.72

2.58 2.69 2.65 2.52
2200 2.67 2.83 2.79 melted 2.56 2.57 2.46
2250 2.58 2.82 2.77
2300 melted melted melted melted melted melted melted melted

1500 16.00 21.28 21.64 12.64 24.4 21.47 . - -

1600 15.90 9.11 14.10 1.28 24.05 9.47 .02 1.08 .05 .00
1700 6.6 0.0 0.0 0.0 16.30 0.0 .o0 .00 .00 .00
1800 0.0 0.0 0.0 0.0 0.0 0.0 .00 .00 .00 .r.o
1900 0.0 0.0 0.0 0.0 0.0 0.0 .)C .00 .00 , .
2000 0.0 0.0 0.0 0.0 1.0 0.0 .00 .00 - .00
2100 0.0 0.0 0.0 0.0 0.0 0.0
2200 0.0 0.0 0.0 - 0.0 0.0 .00 .00
2250 0.0 0.0 0.0 0.0 - 0.0 .00 .00
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Table VII

CRYSTALLI1E PHASES PRLSEiiT

Co Cordierite
Cb-9 BaC Unknown0

Cb-98 BaC Unknown

Cb-910 BaC Unknown
Cb-96 BaC Un~known
C-A BaC Unknovrn
C-B BaC Urnown
C-C BaC Unk- cwn
C-D BaC Unknown

C-E BaC Unknown

C-F BaC Unknown
C-8 Cordierite (Fosterits)
C-13 Cordierite (Mullite)

1-0.11gO.Al2 0 SiO% phase reported by H. R. Wisely, "Phases

in the Terna y Sy~tem Ba3.MgQ.A120 3 '.Sic2," Ph. D. thesis,
Rutgers, 1952.

SPeaks at 22.0, 25.8, 28.0, 29.6, 36.90 Others may be

masked by BaC.

Mlinor phase.

softeninF masks the crystalli-ation peaks. Crytallization was fourd to occur
in this teirperature range by x-ray analysis.

iii. X-Ray Analysis

All glassps were heated to above their crystaIlization teratures, 260 °F,
and then analyzed for crystalline -ha3es present, using standard x-ray diffrac-
tion techniques. The phases present are shown in Table VII above.

As can be seen frm this tablo, all tIe densi)ying glasses devitrify into
BaC and an unknown phase. BaC was formed ar investiiate5 by Wisely at Rutgors
in 1952.

As was expected, cordierite is th, only phase which devitrifias from the Co
Flass, and is the major phase in the C-13 and C-6 tyles of plassee. From their
positions in the phase diagram, fosterite and mullite would be expected in C-8
and C-13 respectively.
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iv. Thermal Expansion

The thermal expansions of Co, Cb-9, Clb-98, Cb9l0, Cb-96, C-A, C-B, C-C, CG-D,
C-E and C-F fired to 2600OF were determined utilizing a standard interferometer
method. In the case of the low mlting glasses, the material was placed in a
platinum foil lined alumina crucible and melted at 26000F. The coefficients of
thermal expansion of specimens prepared from these compositions are shown in
Table VIII and Fig. 18 shows the relationship between thermal expansion and com-
position.

Table VIII

COEFFICIENTS OF LINEAR THERMAL EXPANSION

OF FLUXING GLASSES

Cb-9 4.91

Cb-96 4.54
Cb-98 5.42
Cb-910 456
C-A 4.54
C-B 5 43
C-C 4.90
C-D 5.44
C-E 4.31
C-F 5.33

The ten glassus in the Al C .SiP2.MgO.CaO.BaU sKstem were found to possess
tnermal expansions between 5,a 1O and 4.31 x 10 . From Fig. 18 it is seen
thiat as the amount of RO elements is decreased, the thermal expansion decreases.

c. Evaluation of Combinations of Glasses
I

i. Firing Range

Ta?'. IX shows density and moisture absorption vs. firing temperature of com-
positions with 10, 20 and 30' additions of Cb-96, Cb-98, Cb-910, C-A, C-B, C-C,
C-D, C-E and C-F to the base cordierite glass Co. It can be seen that as the per-
centape of low melting glass which is added to the cordierite glass increases,
the firing range increases ana the maturing temprtu decreases. With a 30% 0
addition, the maturing temperaturo is about 2450F with a firing 5ange from 2425 F
to 25250 F. A 2W addition increa. j the maturing temperature to 25750F with a
firing from 2g50 F to 2600 0 F. nd a 10,, addition increases the maturing temper-
ature to 2625 F with a firing range from 2600 F 2650 F. From a compositional
standpoint, all PA'd tions appear to affct the density, moisture absorption and
firing range in t saoe r anner.

ii. The-ir al Expansion

The coefficients of linear thermal axpansiona were determined from specimens
fired to maximum density utilizing an interferometer. The expansion values of
compositions con*,ining cordierite glass with 10, 20 and 30% additions of Cb-9
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Cb-98, Cb-96, Cb-910, C-A, C-B, C-C, C-D, C-E and C-F are shown in Table X. The

Table X

COEFFICIENT OF LINEAR THE-iAL EXPANSION FOR

Ca-POSITE BODIES AT 10%, 20% and 30% FLUXING GLA5S

Addition

10% 20% 30%~

Cb-9 1.61* 1.83 2.07
Cb-98 1.65 1.75 1.94
Cb-96 1.44 1.61 1.77
Ob-910 1.59 1.67 1.83
C-A 1.55 1.68 1.73
C-B 1.37 1.57 1.89
C-C 1.64 1.75 1.81
C-D 1.59 1.86 2.11
C-E 1.53 L.54  1.73
C-F 1.55 1.73 1.91

expansions are plotted in a RO.A 0 .SiO 2 ternary to show the effect of composi-
tion on thermal expansion; this iN hown in Figs. 19 through 21.

As can be seen from the table, all compositions have quite low values for
coefficients oflinear thermal expansion. With a 10% addition, the values range
from 1.37 x 10 for the C-B addition to-,65 for the Cb-98 additign. For a 20%
addition the values range from 1.61 x 10 for Cb-96 to1.86 x 10 for C-D, and
for the 30% additions, the values range from 1.73 x 10 for C-E up to 2.11 for
C-D.

From a compositional standpoint, the 30% additions of glasses with the high-
est expansions (see Table VII and Fig. 18) generally produce the composite bodies
with the highest expansions. With a 20% addition, this effect is still tree,
with the exception of C-B, but the difference in expansion with composition is
not so well pronounced. With 9L 10% addition, the expansion of the cordierite
predominates and all the expansions, with the exception of C-B and Cb-96, fall
within a very narrow: range.

iii. X-Ray Evaluation of Composite Bodies

An x-ray diffraction analysis of the composite bodies shows the presence of
cordierite as the principal crystalline phase. Very minor amounts of other phases
may be present, but they are not in sufficient quantity to be discernible from
the background in the 10% and 20% bodies. Very minor peaks of BaC are found in
the 30% bodies.
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F. S ry

This aspect of the research program dealt with the development of ceramic
bodies which mature in the 1800-2600 F temperature range. The fabrication of
these bodies has utilized the devitrification approach of the prereacted materials
technique. This technique has been found to be superior to conventional fabrica-
tion from both physical and theoretical aspects.

The current research program dealt with the development of cordierite compo-
sitions exhibiting low thermal expansions and extended firing ranges. The prob-
lem was approached from two aspects. The first utilizes a raw material prepared
by fritting the total composition; this is referred to as the ozie-frit approach.
The second utilizes two frits, one of the theoretical cordierite composition and
the other of a low melting, densifying glass in its fabrication; this is referred
to as thz two-frit approach.

In the study of the one-frit approach, 18 compositions were studied with
repard to maturing properties and linear thermal expansion. Of these, two appeared
promising, C-8 and C-13. These two compositions ware further investigated for
,,*re complete det .1 with regard to their physical pr 2 erties. It was found that
these bodies possessed expansions as low as 1.69 x 10 n/in/°C, moderate trans-
verse strength, 15,000 psi, and high values of the true density. They were fur-
ther analyzed for crystalline phases present, microstructure, and electrical prop-
erties.

In the study of the two-frit approach, ten glasses were investigated as pos-
sible additl,'e glasses to the cordierite glass. These glasses were evaluated in-
dividually with regard to maturing range, thermal expansion, crystalline phases
which devitrify, and differential thermal analysis. All of these glasses lie
within the Al ,0.SiO .MgO-CaO.BaO system. Their thermal expansion ranged from
4.31 to 5.44 1 10 nZ" n/C, with the value dependent entirely on the percentage
of RO membe-s Bresent in the glass. These glasses were found t8 attain maturity
as low as 1700 F and retain high density and maturation to 2250 F. Also, these
glasses soften and devitrify into BaC plus an unknown phase at approximately the
same temperature.

The densifying glasses were then added to a cordierite glass in amounts of
10, 20 and 30%. These bodies were evaluated with regard to linear thermal expan-
sion, firing range, and x-ray Plysis. It was found that the expr ions varied
from 1 37 to 1.65 x 10 iiIn/ C for the 10% additions, fgrm 1.57 to 1.86 x 10
in/in7 C for th 20Y addttions, and from 1.7 to 2.11 x 10 in/in/0C for the 30%
additions. The firing range extended for 50 F with the 10% additions, 100

0F for
the 20(Y additions, and 150 F for the 30,9 additions. An x-ray analysis produced
cordierite as the principal crystalline phase.

The results from both aspec"tq of the study are quite promising. In each
case, mature bodies, with reasonable firing ranges, were developed.
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